ABSTRACT The yeast cell wall is a strong, but elastic, structure that is essential not only for the maintenance of cell shape and integrity, but also for progression through the cell cycle. During growth and morphogenesis, and in response to environmental challenges, the cell wall is remodeled in a highly regulated and polarized manner, a process that is principally under the control of the cell wall integrity (CWI) signaling pathway. This pathway transmits wall stress signals from the cell surface to the Rho1 GTPase, which mobilizes a physiologic response through a variety of effectors. Activation of CWI signaling regulates the production of various carbohydrate polymers of the cell wall, as well as their polarized delivery to the site of cell wall remodeling. This review article centers on CWI signaling in Saccharomyces cerevisiae through the cell cycle and in response to cell wall stress. The interface of this signaling pathway with other pathways that contribute to the maintenance of cell wall integrity is also discussed.
T HE yeast cell wall serves four principal functions. First, it provides protection from osmotic shock. Yeast cells in the wild face the potential for exposure to rapid and extreme changes in environment, particularly with respect to osmotic potential. For example, a Saccharomyces cerevisiae cell living on the sugar-rich tissue of a grape can be exposed instantaneously to the hypo-osmotic shock of a rainfall. To survive such rapid decreases in extracellular osmolarity, the cell must limit the influx of water to avoid bursting and to maintain an intracellular water activity that is appropriate for biochemical reactions (Smits et al. 1999; Hohmann 2002) . Yeasts and other fungi have solved this problem with strong, but elastic, cell walls that limit swelling. The fungal cell establishes a balance by which the force driving water across the osmotic gradient into the cell is counteracted by turgor pressure against the plasma membrane and cell wall. Second, fungal cell walls also protect against mechanical stress. The combination of strength and elasticity of the cell wall provides an effective barrier against sheer and compression forces. Third, the yeast cell wall is required to establish and maintain cell shape (Cid et al. 1995; Klis et al. 2006) , which is essential for the formation of a bud and, hence, cell division. The cell must remodel this rigid structure to accommodate cell expansion during vegetative proliferation, mating pheromoneinduced morphogenesis, and starvation-driven filamentation (pseudohyphal development). Turgor pressure is critical for cell expansion because it provides the force to overcome molecular cohesion within the cell wall (Harold 2002) . Because fungal cells maintain an intracellular osmolarity that exceeds that of the extracellular environment, water tends to flow into the cell, thereby providing turgor pressure. However, this pressure is equally distributed across the cell surface. Therefore, for growth to produce cell shapes other than spheres, cell wall expansion must be focused to particular regions. S. cerevisiae uses an internal actin cytoskeleton for this purpose (Drubin and Nelson 1996) . During periods of polarized cell growth, the wall is loosened by digestive enzymes (e.g., glucanases and chitinases) and expanded at a single point on the cell surface, a process that must be carried out in a highly regulated manner to avoid cell lysis.
Fourth, the cell wall serves as a scaffold for cell-surface proteins. The polysaccharides that provide the mechanical strength of the cell wall also serve as the attachment matrix for a wide variety of glycoproteins (Zlotnick et al. 1984; Klis et al. 2006) . These glycoproteins include sexual agglutination factors important for mating (Cappellaro et al. 1994; Zhao et al. 2001) and adhesins critical to cell-cell contact during filamentation, invasive growth, and biofilm formation (Reynolds and Fink 2001; Douglas et al. 2007) . Cellsurface glycoproteins also limit the permeability of the cell wall to macromolecules, thereby protecting the glucan layer from wall-degrading enzymes (Zlotnik et al. 1984; De Nobel et al. 1990; De Nobel and Barnett 1991; Klis et al. 2006) .
The focus of this review is the regulatory pathways employed by S. cerevisiae to maintain cell wall integrity during growth, morphogenesis, and in the face of environmental challenges to cell wall integrity. Although several signaling pathways contribute to the maintenance of the cell wall, the one principally responsible for orchestrating changes to the wall is known as the cell wall integrity signaling pathway, which will be abbreviated hereafter as the cell wall integrity (CWI) pathway. Recent advances in our understanding of how this pathway interfaces with the cell cycle to control spatio-temporal aspects of cell wall biogenesis will also be discussed.
Molecular Structure of the Yeast Cell Wall
Yeast cells invest considerable energy in the construction of the cell wall, which comprises some 10-25% of the cell mass depending on growth conditions (Orlean 1997; Smits et al. 1999; Aguilar-Uscanga and François 2003) . The major architectural features of the S. cerevisiae cell wall are now fairly well understood. For an excellent review, see Klis et al. (2006) . In brief, the cell wall is a layered structure with an electron-transparent inner layer and an electron-dense outer layer (Cappellaro et al. 1994) . The inner layer is composed principally of glucan polymers and chitin (b-1,4-N-acetylglucosamine polymers). This layer is constructed mainly (80-90%) of b-1,3-glucan chains branched through b-1,6 linkages. Polymers of b-1,6-glucan chains make up most of the remainder of the inner layer (8-18%) with chitin chains representing the smallest fraction (1-2%). This layer is largely responsible for the mechanical strength and elasticity of the cell wall, owing primarily to the helical nature of b-1,3-glucan chains (Rees et al. 1982; Smits et al. 1999) .
The outer cell wall layer is a lattice of glycoproteins. Two major classes of cell wall glycoproteins (CWPs) compose this layer. Members of one class, called glycosylphosphatidylinositol (GPI) proteins, are directed through the secretory pathway to the extracellular face of the plasma membrane by lipid anchors at their C termini. GPI proteins destined for the cell wall are liberated from the plasma membrane by cleavage of their anchors (Kollar et al. 1997) . Lipidless GPI remnants of GPI-CWPs become linked to the external surface of the b-1,3-glucan network indirectly through b-1,6-glucan chains (Klis et al. 2006) (Figure 1 ). Among 70 GPI proteins identified in the S. cerevisiae genome (Caro et al. 1997) , it is estimated that half reside in the cell wall (Smits et al. 1999) .
The other major class of CWPs is represented by five related polypeptides, Pir1-5 (Proteins with internal repeats) (Toh-e et al. 1993; Kapteyn et al. 1999; Mrsa and Tanner 1999; Ecker et al. 2006) . Although the PIR genes are not essential, strains multiply deleted for PIR1 through PIR4 display additive defects in growth rate, morphology, and sensitivity to cell wall stress agents (Mrsa and Tanner 1999) . The Pir proteins are attached directly to b-1,3-glucan chains ( Figure 1 ) through a linkage that involves their repeat sequences, DGQFQ [where F is any hydrophobic residue (Castillo et al. 2003) ]. The glucan chain is linked to the protein through the g-carboxyl group of a Glu residue evidently produced through a transglutaminase-type reaction that converts the first Gln residue in the repeat sequence to Glu (Ecker et al. 2006) . Because most members of this class of proteins contain several repeat motifs, they may provide sites for cross-linking of multiple b-1,3-glucan chains. In contrast to GPI-CWPs, Pir proteins are distributed uniformly through the inner glucan network, consistent with their attachment to b-1,3-glucan . Additionally, Figure 1 Molecular organization of the yeast cell wall (adapted from Lesage and Bussey 2006, doi: 10 .1128/MMBR.00038-05; amended with permission from American Society for Microbiology). Chains of b-1,3-glucan, branched through b-1,6-linkages, form a mesh network that provides the mechanical strength of the cell wall and also serves as a scaffold for the attachment of cell wall proteins (CWPs). Pir-CWPs are attached directly to b-1,3-glucan through a Gln residue within their internal repeats that is converted to a Glu (E) residue in the linkage. These proteins have the potential to cross-link b-1,3-glucan chains through multiple repeat sequences. GPI-CWPs are attached to the network indirectly through a linkage between the lipidless GPI remnant (GPI r ) and b-1,6-glucan. Chitin, a polymer of b-1,4-N-actetylglucosamine (GlcNAc), can be attached either directly to b-1,3-glucan on the inner surface or indirectly by b-1,6-glucan to the outer surface. The latter attachment is induced in response to cell wall stress. The nature of the linkage between b-1,3-glucan and b-1,6-glucan chains is still uncharacterized.
a subset of GPI-CWPs that includes Cwp1, Cwp2, Tir1, and Tir2 also possesses the DGQFQ motif, suggesting the possibility that these proteins serve as bridges between b-1,3-glucan and b-1,6-glucan chains.
Although very little chitin is found in the lateral walls of cells growing under nonstress conditions, some chitin chains are attached to the internal surface of the b-1,3-glucan network in the lateral wall after cytokinesis (Kollar et al. 1995) . Chitin can also be attached to b-1,6-glucan chains associated with GPI-CWPs (Cabib and Duran 2005) , particularly in response to cell wall stress (Figure 1 ), when cell wall chitin levels can rise to as high as 20% of total wall polymer (Popolo et al. 1997; García-Rodriguez et al. 2000; Valdivieso et al. 2000 ; see Chitin synthase 3: the chitin emergency response). Chitin is attached to both b-1,3-glucan and b-1,6-glucan by the redundant Crh1 and Crh2 transglycosylases (Cabib et al. 2007 (Cabib et al. , 2008 Cabib 2009 ).
Overview of CWI Signaling
The CWI-signaling pathway exists for the purpose of detecting and responding to cell wall stress that arises during normal growth conditions or through environmental challenge. A diagrammatic representation of the core elements of this pathway is presented in Figure 2 . The CWI pathway responds to cell wall stress signals through a family of cellsurface sensors coupled to a small G protein, Rho1, whose activity is also stimulated periodically through the cell cycle in a spatially defined manner. Rho1 is considered to be the master regulator of CWI signaling not only because it integrates signals from the cell surface and the cell division cycle, but also because it regulates a variety of outputs involved in cell wall biogenesis, actin organization, and polarized secretion. Moreover, it seems likely that Rho1 coordinates these functions at the cell surface.
Rho1 is localized to sites of polarized growth (Yamochi et al. 1994; Qadota et al. 1996) where it activates a diverse array of targets. These collectively regulate processes including b-glucan synthesis at the site of wall remodeling, gene expression related to cell wall biogenesis, organization of the actin cytoskeleton, and secretory vesicle targeting to the growth site. Both the b-1,3-glucan synthase (GS) encoded by the FKS1 and FKS2 genes and the b-1,6-glucan synthase, which has not yet been described at the molecular level, are regulated by Rho1. Actin organization is controlled by Rho1 through the actin-nucleating formin proteins Bni1 (Bud neck involved) and Bnr1 (Bni1-related). Vesicle targeting is regulated by the Rho1 control of the Sec3 exocyst protein. Finally, the transcriptional output of the CWI pathway is under the control of a MAPK cascade headed by a Rho1-activated protein kinase C (Pkc1). Disruption of signaling through the MAPK cascade compromises the integrity of the cell wall, which results in cell lysis at sites of polarized growth (Figure 2, inset) . Current understanding of each of the inputs and outputs of this pathway related to the maintenance of cell wall integrity will be discussed individually. Although the CWI pathway has additionally been implicated in the responses to oxidative stress (Alic et al. 2003; Vilella et al. 2005) , high and low pH stress (Claret et al. 2005; Serrano et al. 2006) , and DNA damage (Queralt and Igual 2005; Dardalhon et al. 2009; Truman et al. 2009; Bandyopadhyay et al. 2010) , this review article will be restricted to its role in the maintenance of cell wall integrity.
CWI Pathway Architecture

Rho GTPases and cell polarity
Members of the Rho (Ras-homologous) family of GTPases play a central role in polarized growth in animal and fungal cells (Drubin and Nelson 1996; Heasman and Ridley 2008) . S. cerevisiae possesses six Rho-type GTPases: Rho1-Rho5 and Cdc42 (reviewed in Perez and Rincon 2010). They Figure 2 The CWI signaling pathway. Signals are initiated at the plasma membrane (PM) through the cell-surface sensors Wsc1, -2, -3, Mid2, and Mtl1. The extracellular domains of these proteins are highly O-mannosylated. Together with PIP 2 , which recruits the Rom1/2 GEFs to the plasma membrane, the sensors stimulate nucleotide exchange on Rho1. Relative input of each sensor is indicated by the width of the arrows. Additional regulatory inputs from the Tus1 GEF and the Pkh1/2 protein kinases are indicated. The various effectors of Rho1 include the b-1,3-glucan synthase (GS), b-1,6-glucan synthase activity (not shown), formins (Bni1), Sec3, and the Pkc1-activated MAPK cascade. Mlp1 is a pseudokinase paralog of Mpk1 that contributes to the transcriptional program through a noncatalytic mechanism. Two transcription factors, Rlm1 and SBF (Swi4/ Swi6), are activated by the pathway. Skn7 (dashed line) may also contribute to the CWI transcriptional program. (Inset) Thin-section electron micrograph of a Pkc1-depleted cell that has undergone cell lysis at its bud tip. Conditions were as described in Levin et al. (1994) .
reside at the plasma membrane and serve related, but distinct, roles in the establishment and maintenance of cell polarity. Of these, only Rho1 and Cdc42 are essentialCdc42 function is critical for bud-site assembly and for the establishment of polarized growth (Johnson and Pringle 1990; Johnson 1999 )-whereas Rho1, the functional ortholog of mammalian RhoA (Qadota et al. 1994) , controls CWI signaling and will be discussed in more detail below. Rho2 appears to be partially redundant with Rho1 as judged by dosage suppression results (Ozaki et al. 1996; Helliwell et al. 1998 ). Rho3 and Rho4 share an essential role in the establishment of polarity through actin organization (Matsui and Toh-E 1992; Imai et al. 1996; Kagami et al. 1997; Dong et al. 2003) . Additionally, Rho3 serves a direct role in exocytosis that is separate from its regulation of actin organization (Adamo et al. 1999) . Rho5 has been suggested to downregulate the CWI pathway on the basis of elevated basal and induced pathway activity in a rho5D mutant (Schmitz et al. 2002a ), but direct connections are thus far lacking. Rho proteins are tethered to the plasma membrane by prenyl groups (either farnesyl or geranylgeranyl) added to their C termini (Schafer and Rine 1992) . These modifications are essential for proper localization and function of Rho proteins. Both Rho1 and Cdc42 are modified through the action of the Cdc43/Ram2 geranylgeranyl transferase (Inoue et al. 1999) . Additionally, both Rho1 and Cdc42 possess a polybasic sequence near their C termini that, at least in the case of Rho1, is important for localization to specific regions of the plasma membrane (Yoshida et al. 2009 ).
Regulators of Rho1: Guanosine nucleotide exchange factors and GTPase-activating proteins
The Rho1 GTPase cycle is regulated by both guanosine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs) (Figure 3 ). Three GEFs-Rom1, Rom2, and Tus1-provide overlapping functions in the activation of Rho1 (Ozaki et al. 1996; Schmelzle et al. 2002; Kono et al. 2008; Yoshida et al. 2009 ). Loss of either ROM2 or TUS1 function results in temperature-sensitive growth, whereas a rom1D rom2D mutation is synthetically lethal (Ozaki et al. 1996; Schmelzle et al. 2002) . Like Rho1, the Rho1-GEFs reside at sites of polarized growth in a manner dependent on the actin cytoskeleton (Manning et al. 1997; Yoshida et al. 2006; Kono et al. 2008) . All of the Rho-GEFs possess Dbl homology (DH) domains, which interact with GDPbound Rho1 and catalyze the nucleotide exchange activity of these proteins (Ozaki et al. 1996; Schmelzle et al. 2002) . They also possess pleckstrin homology (PH) domains that, in the case of Rom1 and Rom2, bind to phosphatidylinositol (PI)-4,5-bisphosphate (PIP 2 ) and are responsible for their proper localization to the plasma membrane (Audhya and Emr 2002) . However, the PH domain of Tus1 does not appear to bind phosphoinositides (Yu et al. 2004 ). Additionally, an N-terminal domain of Rom1 and Rom2 that is responsible for their association with at least the Wsc1 and Mid2 cell-surface sensors (described in the section Cell-surface sensors: Wsc1-3, Mid2, and Mtl1) (Philip and Levin 2001 ) is not shared with Tus1. This may be explained by the observation that Tus1 is primarily responsible for cell cycle-specific activation of Rho1 (Kono et al. 2008 ; see section on Rho1 activation through the cell cycle) and may therefore respond exclusively to intracellular signals.
S. cerevisiae possesses 11 Rho-GAPs. Of these, 4 have been shown to act on Rho1 both in vitro and in vivo: Bem2, Sac7, Bag7, and Lrg1 (Peterson et al. 1994; Schmidt et al. 1997; Cid et al. 1998; Martín et al. 2000; Roumanie et al. 2001; Watanabe et al. 2001; Schmidt et al. 2002) . Interestingly, these GAPs appear to regulate Rho in a targetspecific manner. Lrg1 is evidently dedicated to regulation of b-1,3-glucan synthase (Watanabe et al. 2001 ). By contrast, Bem2 and Sac7 collaborate to down-regulate the Pkc1-activated MAPK pathway (Martín et al. 2000; Schmidt et al. 2002) , whereas Bag7 and Sac7 control the actin cytoskeleton (Schmidt et al. 1997 (Schmidt et al. , 2002 . The apparently independent regulation of different Rho1-effector pairs by distinct GAPs indicates some compartmentalization of Rho1 functions. The differential function of Rho-GAPs is an interesting puzzle that, once solved, may yield some general principles applicable to other systems.
Cell-surface sensors: Wsc1-3, Mid2, and Mtl1
Members of a family of cell-surface sensors, which detect and transmit cell wall stress to Rho1 through a set of GEFs, are principally responsible for activation of CWI signaling (Rodicio and Heinisch 2010) . These sensors include Wsc1 (Gray et al. 1997; Verna et al. 1997; Jacoby et al. 1998 ), Wsc2, Wsc3 (Verna et al. 1997 , Mid2, and Mtl1 (Ketela et al. 1999; Rajavel et al. 1999) . All five are plasma membrane proteins whose overall structures are similar in that they possess short C-terminal cytoplasmic domains, a single transmembrane domain, and a periplasmic ectodomain rich in Ser/Thr residues (Ketela et al. 1999; Lodder et al. 1999; Rajavel et al. 1999; Philip and Levin 2001) . The Ser/Thr-rich Figure 3 Rho1 regulators and effectors. Rho1 localization and activity are regulated through the cell cycle and in response to cell wall stress by cellsurface sensors, a family of GEFs (Rom1, Rom2, and Tus1), and a set of GAPs (Bem2, Sac7, Lrg1, and Bag7). Six known Rho1 effectors control cell wall biogenesis through polymer synthesis, polarization of the actin cytoskeleton, directed secretion, and transcription.
regions are highly O-mannosylated, probably resulting in extension and stiffening of the polypeptide. Therefore, these proteins have been proposed to function as mechanosensors that act as rigid probes of the extracellular matrix (Rajavel et al. 1999; Philip and Levin 2001) . A recent study using atomic force microscopy to probe the physical characteristics of Wsc1 supports this conclusion and suggests that this sensor behaves as a linear nanospring (Dupres et al. 2009 ).
Aside from the gross structural similarities between the two subfamilies of sensors, their sequences are not conserved. The Wsc proteins possess an N-terminal cysteine-rich region, termed the WSC domain, which is absent from Mid2 and Mtl1. Mutation of the conserved cysteine residues in Wsc1 destroys its function . The positions of the eight cysteine residues in this region are conserved in human polycystin 1 (PKD1), a mechanosensor whose mutation results in polycystic kidney disease (Qian et al. 2005) . The same arrangement of cysteine residues is also found in a Trichoderma b-1,3-exoglucanase (CohenKupiec et al. 1999) , suggesting the possibility that this domain binds glucan chains, but this remains to be tested directly. On the other hand, atomic force microscopy revealed recently that cell wall stress induces clustering of Wsc1 molecules within the plasma membrane, which is dependent on the conserved cysteine residues . Therefore, the function of the WSC domain remains unresolved.
Wsc1 and Mid2 are the most important among the various sensors for response to the conditions examined to date. Deletion of WSC1 results in cell lysis at elevated growth temperature (37°-39°C), a phenotype modestly exacerbated by loss of WSC2 or WSC3 (Gray et al. 1997; Verna et al. 1997; Jacoby et al. 1998 ). However, a double wsc1D mid2D mutant requires osmotic support to survive (Ketela et al. 1999; Rajavel et al. 1999) , revealing the complementary functions of these sensors. Functional distinctions among these proteins are revealed by the relative importance of each sensor in response to different stresses. Consistent with the importance of Wsc1 for survival of cell wall stress from growth at elevated temperature, a wsc1D mutant is deficient in thermal activation of Mpk1 (Gray et al. 1997; Verna et al. 1997) . Similarly, stress signaling induced by caspofungin, which inhibits the GS, is mediated almost exclusively by Wsc1 (Reinoso-Martin et al. 2003; Bermejo et al. 2010) , perhaps reflecting an interaction between the extracellular domain of Wsc1 and b-1,3-glucan, as noted above.
In contrast to WSC1, loss of MID2 (Mating Induced Death) results in failure to survive pheromone-induced morphogenesis. Consistent with this, Mid2 is required for Mpk1 activation in response to pheromones (Ketela et al. 1999; Rajavel et al. 1999) . It should be noted that pheromoneinduced activation of CWI signaling is not a direct response to pheromones, but rather a secondary response triggered by morphogenesis (Errede et al. 1995; Buehrer and Errede 1997) . Mid2 also appears to be the major sensor for signaling wall stress in response to the cell wall antagonists calcofluor white (CFW) (Ketela et al. 1999) and Congo red (Bermejo et al. 2010) , both of which interfere with cell wall assembly by binding to chitin (Elorza et al. 1983; Imai et al. 2005) .
Like most other components of the CWI pathway, Wsc1 localizes to sites of polarized cell growth (Delley and Hall 1999; Huh et al. 2003; Straede and Heinisch 2007 ). In contrast to this, Mid2 is uniformly distributed across the plasma membrane during growth (Ketela et al. 1999; Rajavel et al. 1999; Straede and Heinisch 2007) . However, consistent with the importance of Mid2 during pheromone-induced morphogenesis, this sensor becomes enriched at the tips of mating projections (Hutzler et al. 2008) . The difference in localization between Wsc1 and Mid2 during vegetative growth is dictated by the presence of an endocytosis signal in the cytoplasmic C terminus of Wsc1, which is responsible for constitutive recycling of the sensor from the plasma membrane (Piao et al. 2007) . A mutant form of Wsc1 that is missing its endocytosis signal is distributed evenly across the plasma membrane and results in hypersensitivity to caspofungin, revealing the importance of its focused localization to sites of polarized secretion (Piao et al. 2007) .
O-mannosylation of the Mid2 and Wsc1 ectodomains requires either Pmt2 or Pmt4 (Philip and Levin 2001; Lommel et al. 2004) , members of a seven-isoform family of proteins that catalyze the first step in protein O-mannosylation (Strahl-Bolsinger et al. 1999) . Consistently, a double pmt2D pmt4D mutant undergoes cell lysis in the absence of osmotic support (Gentzsch and Tanner 1996) . This defect is suppressed by overexpression of Pkc1, Wsc1, or Mid2 (Lommel et al. 2004) , revealing that O-mannosylation of the sensors, although important, can be bypassed. Sensor mannosylation is evidently more important for stability than for function (Lommel et al. 2004) , calling into question the previously proposed role of this modification in sensor rigidity. Mid2, unlike Wsc1, is additionally N-glycosylated near its N terminus (Hutzler et al. 2008) . In contrast to O-mannosylation, this modification affects Mid2 signaling, rather than its stability or localization.
Rho GEFs: Signaling targets of the CWI sensors
The short cytoplasmic domains of both Wsc1 and Mid2 are essential to their functions (Lodder et al. 1999; Rajavel et al. 1999; Philip and Levin 2001; Green et al. 2003; Vay et al. 2004) and display two-hybrid interaction with the N-terminal domain of the Rho1-GEF, Rom2 (Philip and Levin 2001) . This domain is different from the Rho1-interacting DH domain of Rom2, suggesting that the GEF can interact simultaneously with a sensor and with Rho1. As noted above, the sensor interaction domain of Rom2 is shared by Rom1 but not by Tus1, which appears to activate Rho1 in a cell cycle-specific manner. The sensors are not known to interact directly with Rho1. Extracts from wsc1D and mid2D cells are deficient in catalyzing GTP loading of Rho1, suggesting that the sensors recruit or activate the GEFs. In this regard, the sensors may collaborate with PIP 2 (see section on Phosphoinositide metabolism: Stt4-Mss4 signaling) to recruit the GEFs to the plasma membrane as well as serve to focus their action to sites of polarized growth (Philip and Levin 2001) .
The cytoplasmic domain of Wsc1 is phosphorylated (Lodder et al. 1999) . Mutational analysis of this domain revealed that it possesses two short regions important for Rom2 interaction, one at the extreme C terminus and the other near the transmembrane domain (Vay et al. 2004) . The phosphorylation site, a target of the Yck1/2 kinases (Levin 2005) , resides between these interaction regions and serves to inhibit Wsc1 function, probably by interfering with Rom2 interaction. However, phosphorylation is not the primary means of Wsc1 regulation because a Wsc1 phosphorylation site mutant is not constitutively active, but is potentiated for activation by cell wall stress (Vay et al. 2004 ).
Phosphoinositide metabolism: Stt4-Mss4 signaling Phosphoinositides play an important role in both the activation of Rho1 and the recruitment of some of its effectors to the plasma membrane (Figure 4 ). STT4 encodes an essential PI 4-kinase (Cutler et al. 1997) that is responsible for the production of PI(4)P at the plasma membrane (Audhya and Emr 2002) . Conditional mutants in this gene display defects in actin organization and undergo cell lysis at restrictive temperature (Yoshida et al. 1994a,b; Audhya et al. 2000) .
The MSS4 gene encodes the only PI(4)P 5-kinase of yeast, and like STT4, it is essential for viability. Mss4 catalyzes the conversion of PI(4)P at the plasma membrane to PI (4,5)P 2 (PIP 2 ) (Desrivieres et al. 1998; Homma et al. 1998) . Similar to conditional stt4 mutants, mss4 mutants display defects in actin organization and cell wall integrity at restrictive temperature (Desrivieres et al. 1998; Audhya and Emr 2003) . Rom2 was identified as an effector of the Stt4-Mss4 pathway by the demonstration that a critical role of PIP 2 production is to recruit this Rho-GEF (and presumably Rom1) to the plasma membrane through its PH domain (Audhya and Emr 2002) . This recruitment is evidently integral to the activation of Rom2 GEF activity for Rho1.
Intracellular levels of PIP 2 increase transiently in response to mild heat shock (Desrivieres et al. 1998; Audhya and Emr 2002) . This stress also activates CWI signaling , supporting the hypothesis that the concentration of this phosphoinositide in the plasma membrane contributes to signal activation. Moreover, although both Stt4 and Mss4 appear as discrete punctate spots distributed evenly through the plasma membrane, a recent study of PIP 2 localization revealed that it is enriched at sites of polarized growth (Garrenton et al. 2010) , suggesting either local activation of the PI kinases or inhibition of PI phosphatases. In either case, the concentration of PIP 2 at sites of polarized growth suggests that it is a primary determinant for recruitment of Rom1, Rom2, and possibly Tus1 to sites of cell wall deposition.
Targets of Rho1
Six effectors for Rho1 have been described: the Pkc1 protein kinase, the GS, b-1,6-glucan synthase activity, the Bni1 and Bnr1 formin proteins, the Sec3 exocyst component, and the Skn7 transcription factor ( Figure 3 ). As noted above, evidence is accumulating to suggest that each Rho1-effector pair is regulated separately by a different complement of GAPs. It is clear that spatio-temporal regulation of Rho1 by different GEFs is also important for activation of a subset of Rho1 effectors through the cell cycle (see section on Rho1 activation through the cell cycle). Together, these effectors coordinate synthesis of cell wall glucans and chitin, polarization of the actin cytoskeleton, expression of genes important for cell wall biogenesis, and polarized exocytosis.
Pkc1 and the CWI MAPK cascade
Pkc1: The S. cerevisiae genome encodes only a single homolog of mammalian protein kinase C, designated Pkc1 (Levin et al. 1990) . Although this protein kinase has several substrates, only its regulation of the Mpk1 MAPK cascade has been well studied. Deletion of PKC1 is lethal under normal growth conditions because the cells undergo cell lysis, but the growth defect of a pkc1D mutant can be suppressed by osmotic support (e.g., 1 M sorbitol) (Levin and Bartlett-Heubusch 1992; Paravicini et al. 1992) . Electron micrographic images of pkc1D cells maintained in the presence of osmotic support revealed a pleiotropic set of cell wall defects ; Roemer Figure 4 The phosphoinositide-signaling pathway at the plasma membrane (PM). The sequential action of Stt4 and Mss4 at the cell surface generates PI(4,5)P 2 (PIP 2 ), which recruits Rho1-GEFs to the PM through their PH domains for interaction with the cytoplasmic tails of the cell-surface sensors.
et al. 1994). Both the inner, glucan-containing layer and the outer, mannoprotein layer are thinner in pkc1D mutants. These alterations are mirrored by a reduction in both b-1,3-and b-1,6-glucans of 30% and a reduction in mannan of 20% (Roemer et al. 1994; Shimizu et al. 1994) . Loss of PKC1 results in a more severe growth defect than that displayed by deletion of any of the members of the MAPK cascade under the control of Pkc1, which prompted the suggestion that Pkc1 regulates at least one additional pathway (Lee and Levin 1992) . Secondary Pkc1 targets not thought to be directly involved in cell wall biosynthesis are reviewed in Levin (2005) .
Pkc1 associates with and is activated by GTP-bound Rho1 (Nonaka et al. 1995; Kamada et al. 1996) , which confers upon the protein kinase the ability to be stimulated by phosphatidylserine as a lone cofactor (Kamada et al. 1996) . Two regions of the Pkc1 N-terminal regulatory domain, a cys-rich C1 domain and homology region 1 (HR1) domain, contribute to its ability to interact with Rho1 (Nonaka et al. 1995; Schmitz et al. 2002b) . Cofactors that activate conventional PKCs, such as diacylglycerol (DAG) and Ca 2+ , do not activate Pkc1 even in the presence of GTP-Rho1 (Antonsson et al. 1994; Watanabe et al. 1994; Kamada et al. 1996) . Consistent with this finding, a pkc1D mutant is complemented by human PKC-eta (Nomoto et al. 1997) , a member of the so-called novel PKC subfamily, which does not respond to DAG or Ca 2+ . A detailed analysis of the Pkc1 domain structure as it relates to its regulation has been described elsewhere (Levin 2005) .
Pkc1 is also a target of the Pkh1 and Pkh2 protein kinases (Inagaki et al. 1999; Friant et al. 2001 ). Pkh1 and -2 serve an essential but overlapping function in the maintenance of cell wall integrity, and their function is required for full activation of Pkc1 in response to heat shock. Regulation of Pkc1 by Pkh1/ 2 is exerted by phosphorylation of an activation loop residue within the catalytic domain of Pkc1 (Thr983). A mutant form of Pkc1 blocked for this phosphorylation (T983A) fails to complement a pkc1D mutant (Roelants et al. 2004) . It is not yet clear if Pkh1/2 activity functions as a regulatory input to Pkc1 or is merely required to establish basal activity of the latter kinase. Although the sphingoid base, phytosphingosine, has been suggested to activate Pkh1/2 at the plasma membrane on the basis of weak in vitro stimulation (Friant et al. 2001) , two recent studies indicate that sphingoid bases are not required for in vivo activation of either Pkh1/2 (Roelants et al. 2010) or Pkc1 (Jesch et al. 2010 ).
An intracellular localization study of Pkc1 revealed that it resides at sites of polarized cell growth (Andrews and Stark 2000) . In G1 and S phase, Pkc1 resides at the pre-bud site and at bud tips, a pattern that is very similar to that of Rho1 (Yamochi et al. 1994; Qadota et al. 1996) . Pkc1 becomes delocalized during G2 phase and finally relocalized at the mother-bud neck during mitosis, a transition that requires an intact septin ring (Denis and Cyert 2005) . A molecular dissection of Pkc1 suggested that each regulatory subdomain was responsible for localizing a pool of Pkc1 to specific subcellular sites (Denis and Cyert 2005) , knowledge that may contribute to our understanding of its functions beyond activation of the MAPK cascade.
CWI MAPK cascade: Among the various Rho1 effector pathways identified, the Pkc1-activated MAPK cascade has been studied in the greatest detail. A linear protein kinase cascade is responsible for amplification of the CWI signal from Rho1 ( Figure 2 ). MAPK cascades serve both to amplify a small signal initiated at the cell surface and to convert a graded input to a highly sensitive, switch-like response (Ferrell 1996; Huang and Ferrell 1996) . The details of isolation and validation of the various components of the CWI MAPK cascade have been reviewed extensively (Gustin et al. 1998; Heinisch et al. 1999; Levin 2005) . It is one of five MAPKsignaling pathways in yeast that variously regulate mating, response to high osmolarity, pseudohyphal/invasive growth, sporulation, and response to cell wall stress.
Briefly, the MAPK cascade for CWI signaling is composed of Pkc1 (Levin et al. 1990 ), a MEKK (Bck1) (Costigan et al. 1992; Lee and Levin 1992) , a pair of redundant MEKs (Mkk1/2; Irie et al. 1993) , and a MAPK (Mpk1/Slt2) Martín et al. 1993) . Mpk1 is a functional ortholog of human ERK5 (Truman et al. 2006) , a MAPK that is activated in response to growth factors, as well as to hyperosmotic, oxidative, and fluid sheer stresses (Abe et al. 1996; Yan et al. 2001) . The relative number of molecules per cell of these components (Bck1, 112 molecules per cell; Mkk1, 1040; Mkk2, 1950; and Mpk1, 3230) (Ghaemmaghami et al. 2003) reflects their hierarchical function. In addition to these protein kinases, S. cerevisiae possesses a pseudokinase paralog of Mpk1, named Mlp1 (Mpk1-like protein) , which shares with Mpk1 a specialized, noncatalytic function in transcription (Kim et al. 2008; Truman et al. 2009; Levin 2010, 2011) .
Genetic and biochemical studies have established that Pkc1 activates Bck1, which activates Mkk1 and -2, which in turn activate Mpk1. Pkc1 phosphorylates Bck1 in vitro at several sites in a hinge region between its putative regulatory domain and its catalytic domain Levin 2005 ) that is also the site of activating mutations (Lee and Levin 1992) . Bck1 is presumed to phosphorylate and activate Mkk1/2 on the basis of genetic epistasis studies, two-hybrid interactions, and its requirement for activation of Mpk1 Kamada et al. 1995; Paravicini and Friedli 1996; Ho et al. 2002) . Mkk1 and -2 phosphorylate Mpk1 on neighboring tyrosyl and threonyl residues in a T-X-Y motif within the activation loop conserved among MAPKs. Dual phoshorylation of Mpk1 can be detected with antibodies directed against phosphorylated mammalian ERK1/2 (p42/44) (Martín et al. 2000) . The Mlp1 pseudokinase possesses only the tyrosyl residue of this motif, which, nevertheless, is evidently phosphorylated by Mkk1/2 (Kim et al. 2008) .
Like other MAPKs, active Mpk1 and Mlp1 associate with their targets and regulators through a canonical D motif-(Arg/Lys) 1-2 -(X) 2-6 -F A -x-F B (where F are hydrophobic residues Leu, Ile, or Val)-recognized by a common docking site in the MAPK (Zhang et al. 2003) . Mkk1 and Mkk2 are subject to retrophosphorylation by Mpk1, which appears to be a negative feedback regulatory mechanism and requires a D motif in the MEKs (Jimenez-Sanchez et al. 2007) .
Loss of function of any protein kinase below Pkc1 (or both Mkk1 and Mkk2) results in cell lysis at 37°. The growth defects of these mutants are remediated by elevated extracellular osmolarity (e.g., 1 M sorbitol), consistent with a primary defect in cell wall biogenesis. Other cell wall-related phenotypes associated with mutants in the CWI MAPK cascade include sensitivity to mating pheromone and cell wall antagonists such as CFW, Congo red, caspofungin, caffeine, and the wall lytic enzyme zymolyase (Errede et al. 1995; Kirchrath et al. 2000; Martín et al. 2000; Reinoso-Martin et al. 2003) and actin polarization defects (Mazzoni et al. 1993) .
Mpk1 resides predominantly in the nucleus under nonstress conditions, but a large fraction of the nuclear protein relocates rapidly to the cytoplasm in response to cell wall stress [e.g., shift to 39° ], although this translocation was not observed in another study (Hahn and Thiele 2002) . Additionally, a small pool of Mpk1 localizes to sites of polarized cell growth and shuttles constitutively between these sites and the nucleus (van Drogen and Peter 2002) . Similarly, during pheromone-induced morphogenesis, a minor pool of Mpk1 can be detected at the mating projection tip (Baetz et al. 2001) . Polarized localization of Mpk1 during growth and morphogenesis is independent of the actin cytoskeleton, but does require Spa2 (van Drogen and Peter 2002), a component of the polarisome, a protein complex that links polarity establishment factors with actin cables (Madden and Snyder 1998; Shih et al. 2005) .
Mkk1 and Mkk2 are mainly cytoplasmic proteins but, like Mpk1, can be detected at sites of polarized growth in a Spa2-dependent manner (van Drogen and Peter 2002) . Moreover, Spa2 displays two-hybrid interactions with both Mpk1 and Mkk1/2 (Sheu et al. 1998) , prompting the suggestion that Spa2 serves as a scaffold for these protein kinases. However, in contrast to the role of the Ste5 scaffold protein in activating the pheromone-response MAPK cascade (Elion 2000) , Spa2 is not required for Mpk1 activation during vegetative growth or in response to pheromone treatment (Buehrer and Errede 1997; Sheu et al. 1998) . This suggests that the function of Spa2 with regard to CWI signaling is to focus the action of the kinases to sites of polarized growth. In support of this conclusion is the additional finding that Bck1 is not recruited to sites of polarized growth (van Drogen and Peter 2002) . One likely target of Mpk1 at the cell surface is the Rom2 GEF for Rho1, which is phosphorylated and delocalized from the bud tip in an Mpk1-dependent manner in response to cell wall stress (Guo et al. 2009 ).
b-1,3-glucan synthase
As noted above, the main structural component of the yeast cell wall is linear polymers of b-1,3-linked glucan with branches through b-1,6 linkages (Klis et al. 2006) . The biochemistry of the enzyme complex that catalyzes the synthesis of b-1,3-glucan chains from UDP-glucose has been studied extensively Douglas 2001) . The echinocandin antifungal agents (e.g., caspofungin), which interfere with the production of b-1,3-glucans and target the GS directly, compose the leading class of drugs directed at treating life-threatening fungal infections (Wiederhold and Lewis 2003; Perlin 2007) . A pair of closely related genes, FKS1 and FKS2 (for FK506 sensitive), encode alternative catalytic subunits of the GS (Douglas et al. 1994; Mazur et al. 1995; Ram et al. 1995) . S. cerevisiae Fks1 and Fks2 are large, multispan membrane proteins with a cytoplasmic central domain, either one of which is sufficient for GS activity and cell viability. Although echinocandin-resistant mutations map to the Fks1 protein (Douglas 2001) , strongly suggesting that this class of agents targets the GS catalytic subunit, it is not yet clear how echinocandins inhibit GS activity. This seems a fertile area for further study.
The GS is thought to extrude glucan chains produced on the cytoplasmic face of the plasma membrane for incorporation into the wall. Although the enzyme has not been purified to homogeneity, the central domain of partially purified Neurospora crassa Fks protein was shown to crosslink to azido-UDP-glucose (Schimoler-O' Rourke et al. 2003) , supporting the conclusion that this protein is the catalytic subunit. A recent functional analysis of FKS1 revealed that mutations in this central domain, which is predicted to be cytoplasmic, cause defects in GS activity (Okada et al. 2010) . Unlike loss of Pkc1, loss of Fks1/2 is not suppressed by increased osmotic support. This is presumably because cell wall biosynthesis is completely shut down in an fks1D fks2D mutant.
Rho1 is an essential regulatory subunit of the GS complex, serving to stimulate GS activity in a GTP-dependent manner (Drgonova et al. 1996; Mazur and Baginsky 1996; Qadota et al. 1996) . Consistent with this, Fks1 colocalizes with Rho1 in the plasma membrane at sites of cell wall remodeling (Yamochi et al. 1994; Qadota et al. 1996) . A more detailed localization study revealed that GS colocalizes with cortical actin patches and moves on the cell surface in a manner dependent on actin patch mobility (Utsugi et al. 2002) . The Rho1 interaction site on Fks1 and Fks2, which has not yet been identified, may give clues as to the manner by which this GTPase activates the enzyme. A third gene encoding a homolog of FKS1/2, called FKS3, is important for spore wall formation, but appears to function as a positive regulator of GS activity rather than as a catalytic subunit, possibly by stabilizing Rho1 (Ishihara et al. 2007 ).
An intragenic complementation analysis of conditional rho1 alleles revealed that two of its essential functions could be separated (Saka et al. 2001) . Mutants in one group were defective in GS activity, and mutants in the other group were defective in activating Pkc1. Accordingly, mutants specifically deficient in Pkc1 signaling displayed cell lysis defects at restrictive temperature, whereas mutants deficient in GS activity arrested growth without cell lysis.
As is the case for many paralogous genes in S. cerevisiae, FKS1 and FKS2 differ primarily in the manner in which their expression is controlled. Under optimal growth conditions, FKS1 is the predominantly expressed gene, and its mRNA levels fluctuate periodically through the cell cycle, peaking in late G1 (Ram et al. 1995; Igual et al. 1996) . Cell cycleregulated expression of FKS1 is controlled primarily by the SBF transcription factor (Mazur et al. 1995; Ram et al. 1995; Igual et al. 1996; Spellman et al. 1998) , which is composed of Swi4 and Swi6 (Andrews and Herskowitz 1989) . Expression of FKS1 is also regulated weakly by CWI signaling (Igual et al. 1996) through the Mpk1-activated transcription factor Rlm1 (Jung and Levin 1999) .
Expression of FKS2 is low under optimal growth conditions, but is induced in response to treatment with mating pheromone, cell wall stress, high extracellular Ca 2+ , growth on poor carbon sources, entry to stationary phase, or in the absence of FKS1 function (Mazur et al. 1995; Zhao et al. 1998) . The pathway for induction of FKS2 expression by pheromone, CaCl 2 , or loss of FKS1 requires the Ca 2+ / calmodulin-dependent protein phosphatase calcineurin (Garrett-Engele et al. 1995; Mazur et al. 1995) , the target of immunosuppressant FK506 action (Foor et al. 1992; Liu 1993) . Because FKS1 and FKS2 provide a redundant but essential function, regulation of FKS2 expression by calcineurin explains the sensitivity of fks1 mutants to FK506 and their synthetic lethality with calcineurin mutants (Garrett-Engele et al. 1995) . In response to cell wall stress, the immediate transcriptional induction of FKS2 is mediated by the calcineurin-activated transcription factor Crz1, which binds to a calcineurin-dependent response element within the FKS2 promoter (Stathopoulos and Cyert 1997; Zhao et al. 1998) . Maintenance of high levels of FKS2 expression under chronic cell wall stress is driven by the CWI pathway (Zhao et al. 1998; Jung and Levin 1999) , through the noncatalytic activation of the Swi4/Swi6 (SBF) transcription factor by Mpk1 and its pseudokinase paralog Mlp1 (see section on Noncatalytic transcriptional functions of Mpk1). Therefore, Rho1 controls both the activity of the GS during normal growth and the expression of its catalytic subunits under conditions of wall stress. The complex regulatory network centered on the induced expression of FKS2 is evidently a mechanism to augment Fks1-derived GS activity under emergent conditions. FKS2 also serves as the major GS for spore wall formation (Ishihara et al. 2007 ).
b-1,6-glucan synthase activity
The site of b-1,6-glucan synthesis has been controversial for many years. b-1,6-glucan synthesis defects are caused by mutations in genes that function throughout the secretory pathway (Shahinian and Bussey 2000; Page et al. 2003) , suggesting that biosynthesis of this polymer begins in the endoplasmic reticulum (ER), progresses in the Golgi, and is completed at the cell surface. Indeed, a pair of functionally redundant glucosyl hydrolases (or transglucosylases) that are critical for b-1,6-glucan synthesis, Kre6 and Skn1, reside in the Golgi (Roemer et al. 1994) . However, a late secretory pathway mutant displayed only surface labeling of the polymer, indicating that a secretory block does not result in accumulation of intracellular b-1,6-glucan (Montijn et al. 1999) . This suggested that b-1,6-glucan, like b-1,3-glucan, may be synthesized at the plasma membrane. An in vitro assay for b-1,6-glucan synthesis revealed requirements for UDP-glucose and GTP and, provocatively, demonstrated enhanced activity in cells overexpressing Rho1 (Vink et al. 2004) . Thus, Rho1 may control the biosynthesis of both b-glucan polymers. If this is correct, it seems likely that b-1,6-glucan synthesis is carried out at sites of polarized cell growth based on the localization pattern of Rho1. It is anticipated that this assay will provide a much-needed tool for the molecular dissection of b-1,6-glucan synthesis.
Bni1 and Bnr1
The Bni1 and Bnr1 proteins are functionally redundant members of a distinct class of actin-nucleating proteins called formins that are activated by Rho-GTPases. Bni1 and Bnr1 nucleate actin filament assembly and protect actin filaments from capping protein (Fujiwara et al. 1998; OzakiKuroda et al. 2001; Pruyne et al. 2002; Sagot et al. 2002a,b; Evangelista et al. 2003) . Although Bni1 is a component of the polarisome and translocates between the bud tip and the bud neck, Bnr1 is primarily localized to the neck (OzakiKuroda et al. 2001; Buttery et al. 2007 ). These proteins share functions in the assembly of actin cables, and Bni1 also has a major role in the formation of the contractile actin ring (CAR) (Tolliday et al. 2002; Yoshida et al. 2006) .
Bni1 and Bnr1 are activated by Rho GTPases through an N-terminal Rho-binding domain (RBD) . In the absence of bound Rho protein, the RBD engages in an autoinhibitory interaction with its C-terminal domain (Alberts 2001 ). These formins also interact physically with actin and actin-binding proteins through distinct domains (Evangelista et al. 1997; Imamura et al. 1997; Umikawa et al. 1998; Kikyo et al. 1999; Drees et al. 2001; Wen and Rubenstein 2009) . Of key importance is the association of the actin-binding protein profilin (Pfy1), which enhances filament formation by delivery of actin to the formin at the plasma membrane (Sagot et al. 2002b; Pring et al. 2003 ; for a recent review, also see Campellone and Welch 2010) . In this regard, it is interesting to note that profilin also binds PIP 2 , which induces release of actin from the profilin-actin complex (Sechi and Wehland 2000) (Figure 5) .
The GTP-bound forms of all the Rho GTPases of yeast, except Rho2, have been shown to bind Bni1 and/or Bnr1 (Kohno et al. 1996; Evangelista et al. 1997; Fujiwara et al. 1998; Robinson et al. 1999; Drees et al. 2001; Richman and Johnson 2000; Mosch et al. 2001) . Expression of constitutively active versions of the formin proteins suppresses the growth defect of a rho3D rho4D mutant, prompting the suggestion that the essential function of Rho3 and Rho4 is to activate Bni1 and Bnr1 (Dong et al. 2003) . However, it is not yet clear if these GTPases directly or indirectly promote formin activation because Rho3 (and likely Rho4) serves an important role in exocytosis (Adamo et al. 1999) . Rho1, which is clearly critical for formin activation, is delivered to the membrane via the secretory system (Abe et al. 2003) ; thus, loss of Rho3 and Rho4 might reduce the level of Rho1 at the plasma membrane. Indeed, Rho1 is required for Bni1-mediated CAR assembly during cytokinesis (Tolliday et al. 2002; Yoshida et al. 2006 ; see section on Rho1 activation through the cell cycle).
Sec3
Cell-surface expansion in yeast is driven by polarized exocytosis, a process that involves transport of post-Golgi secretory vesicles along the actin cytoskeleton toward the cell surface. These vesicles dock with components of the exocytic machinery localized to sites of polarized growth and ultimately fuse with the plasma membrane. A multiprotein complex called the exocyst, which is involved in vesicle targeting and docking at the plasma membrane, assembles at the exocytosis site in response to the arrival of vesicles. Sec3 is a component of the exocyst with the unusual property of localizing to the site of exocytosis independently of active secretion, the actin cytoskeleton, or other components of the exocyst. Therefore, Sec3 is thought to be a spatial landmark for polarized secretion (Finger et al. 1998) .
Rho1, Rho3, and Cdc42 have been proposed to control spatial regulation of the exocyst complex because Sec3 associates with these GTPases (Guo et al. 2001; Zhang et al. 2001 Zhang et al. , 2008 . Sec3 also binds directly to PIP 2 , and both Rho and PIP 2 binding are required for its polarized recruitment (Zhang et al. 2008) . Moreover, Rho1 and Cdc42 compete in vitro for a direct interaction with the N-terminal domain of Sec3, and an N-terminally truncated form of Sec3 fails to localize in a polarized manner, suggesting that this region of Sec3 may receive targeting information from both Rho1 and Cdc42 (Guo et al. 2001; Zhang et al. 2001) . Therefore, Rho1 and Cdc42 appear to collaborate in the process of vesicle delivery to the plasma membrane through control of both actin cytoskeleton polarization (for vesicle transport) and vesicle docking through the exocyst.
Skn7
Ssk1 and Skn7 are the only two yeast proteins related to bacterial response regulators of so-called two-component signal transduction pathways Ketela et al. 1998; Li et al. 1998) . Both of these proteins are regulated by the high osmolarity glycerol (HOG) signaling pathway, which responds to changes in extracellular osmolarity ( Figure 6A ). Like many bacterial response regulators, Skn7 is a transcription factor. However, Ssk1 activates the MAPK cascade of the HOG pathway. In response to changes in osmotic conditions, the HOG pathway regulates Ssk1 and Skn7 in opposition through a phosphorelay switch composed of the cell-surface sensor kinase Sln1 and the histidine phosphotransfer protein Ypd1 (Ota and Varshavsky 1993; Maeda et al. 1994; Posas et al. 1996 Posas et al. , 1998 Ketela et al. 1998; Li et al. 1998) . Ypd1 transfers its phosphate to aspartyl residues within the receiver domains of both Ssk1 and Skn7, which activates Skn7 and inactivates Ssk1. Thus, under hyper-osmotic conditions, the HOG MAPK pathway is active, whereas under hypo-osmotic conditions, the Skn7 transcription factor is active.
Although Ssk1 appears to be entirely under the control of Sln1, Skn7 activity is only partially regulated by this sensor Figure 5 The involvement of PIP 2 in the delivery of actin to the Rho1-formin complex. (A) Profilin is an actin-binding protein that delivers actin to the actin-nucleating formins Bni1 and Bnr1. The profilin-actin complex is recruited to the PM by PIP 2 , where it is bound by the active Rho1-formin complex. At least one additional Rho1 effector, Sec3, is also recruited to the PM by PIP 2 (not shown). (B) Upon delivery of actin to the formin, PIP 2 is thought to stimulate the release of actin from profilin, thereby driving actin polymerization.
and may also be under the control of Rho1 (Alberts et al. 1998; Ketela et al. 1999) . Skn7 associates with GTP-bound Rho1 through an HR1 domain that resides between the DNA-binding domain and the response regulator domain (Alberts et al. 1998) . A second observation implicating CWI signaling in Skn7 activity is that overexpression of the Mid2 CWI sensor stimulates a Skn7-LexA-dependent transcriptional reporter (Ketela et al. 1999) . However, the significance of these interactions has not been tested under cell wall stress conditions. Several lines of evidence support a role for Skn7 in cell wall biogenesis, consistent with its activation by the HOG pathway under hypo-osmotic conditions. SKN7 (Suppressor of kre nine 7) was isolated initially as a dosage suppressor of the growth defect of a kre9 mutant (Brown et al. 1993) , which is deficient in b-1,6-glucan synthesis. Additionally, overexpression of SKN7 suppresses the growth defect of a pkc1D mutant in the absence of osmotic support, and a pkc1D mutation exhibits synthetic lethality with a skn7D mutation . Hypo-osmotic activation of Skn7 through the Sln1 pathway results in the transcriptional activation of at least two genes-OCH1 , which encodes an a-1,6-mannosyltransferase involved in maturation of N-glycoproteins (Nakayama et al. 1992) , and NCA3 (Shankarnarayan et al. 2008) , which encodes a cell wall protein that plays a role in septation (Mouassite et al. 2000) .
However, transcriptional output from the Sln1-Skn7 pathway is not activated by other cell wall stresses that stimulate CWI signaling [except zymolyase treatment (Shankarnarayan et al. 2008) ], suggesting that Sln1-Skn7 signaling serves a cell wall-related function that is separate from CWI signaling.
Nevertheless, there is evidence to suggest that Skn7 makes an additional contribution to the maintenance of cell wall integrity that is independent of phosphotransfer from Sln1-Ypd1 ( Figure 6B ). Suppression of the pkc1D growth defect by increased Skn7 expression does not require aspartyl phosphorylation . Similarly, Skn7 binds to and stabilizes the Ca 2+ /calcineurin-activated transcription factor Crz1 independently of aspartyl phosphorylation (Williams and Cyert 2001) . Crz1 is known to contribute to the maintenance of cell wall integrity (Garrett-Engele et al. 1995) at least through the induced expression of FKS2 and other cell wall-related genes (Stathopoulos and Cyert 1997; Zhao et al. 1998; Garcia et al. 2004) . Mutations in the Skn7 HR1 domain block its effect on Crz1, suggesting that this function is driven by Rho1 rather than by Sln1 activity (Williams and Cyert 2001) . Intriguingly, Mpk1 can also activate the calcineurin-mediated signaling pathway that stimulates Crz1 activity (Bonilla and Cunningham 2003) , suggesting a complex interrelationship among CWI, Skn7, and Ca 2+ signaling ( Figure 6B ). Identification of Skn7 target genes regulated by CWI signaling should help to elucidate the CWI-specific role of this transcription factor.
Activation of CWI Signaling
CWI signaling is induced in response to a variety of cell wall stresses. Each of these cell wall stresses will be treated individually below. Additionally, CWI signaling is stimulated by oxidative stress, high and low pH, and DNA-damaging agents, as measured by Mpk1 activation. However, these stresses will not be addressed here, in part because little is understood about either the mechanisms by which these stresses activate signaling or the nature of the responses mediated by Mpk1.
Detection of CWI pathway signaling
Signaling through the CWI pathway is typically monitored by any of four approaches. Two of these approaches measure the Figure 6 Control of the Skn7 transcription factor. (A) The Sln1 branch of the HOG pathway. The Sln1 osmosensor controls a phosphorelay pathway, which activates Skn7 under hypo-osmotic conditions to support cell wall biosynthesis and the Hog1 MAPK cascade under hyper-osmotic conditions. Active components are shaded. (B) Coordinate activation of CWI signaling, Ca 2+ signaling, and Skn7. Rho1 may independently activate the Skn7 transcription factor (dashed line), which induces stabilization of the Crz1 transcripion factor, and may have additional effects on cell wall stress-induced transcription. The Mid1-Cch1 Ca 2+ channel is activated by many of the same stresses that activate CWI signaling. Additionally, activation of Mpk1 results in stimulation of the Mid1-Cch1 Ca 2+ channel, at least in response to ER stress, which activates the Ca 2+ -dependent protein phosphatase calcineurin. The Crz1 transcription factor is activated through dephosphorylation by calcineurin, which allows its entry to the nucleus. This interplay may coordinate control of gene expression by Ca 2+ signaling and cell wall stress signaling.
activation state of Mpk1. The protein kinase activity of epitope-tagged Mpk1 can be measured in an immune complex using bovine myelin basic protein as a substrate Zarzov et al. 1996) . Alternatively, because Mpk1 is activated by phosphorylation of neighboring threonyl and tyrosyl residues within its activation loop, residues that are analogous to Thr 202 /Tyr 204 of mammalian p44/p42 MAPK (Erk1/2), commercially available antibodies against phospho-p42/p44 are quite effective at detecting activated Mpk1 (De Nobel et al. 2000; Martín et al. 2000) . A less direct, but simpler method of measuring sustained signaling through the CWI pathway employs lacZ reporters driven by Rlm1-and Swi4/6-responsive promoters (Jung et al. 2002; Kim et al. 2008; . Finally, reagents designed to recognize specifically GTP-bound Rho1 can be used both to measure the activation state of the pathway and to determine subcellular sites of activity. These reagents include antibodies raised to active Rho1 (Abe et al. 2003; Yoshida et al. 2006) and a GST fusion to the Rho1-binding domain of Pkc1 (Kono et al. 2008) .
Heat stress
CWI signaling is activated persistently in response to growth at elevated temperatures (e.g., 37°-39°) Zarzov et al. 1996) , consistent with the finding that null mutants in many of the pathway components display cell lysis defects only when cultivated at high temperature. However, other reports indicate that the Mpk1 activation state is restored to normal after 2 hr at elevated temperature Guo et al. 2009 ). The reason for this discrepancy is not clear. Interestingly, Mpk1 is not activated immediately upon heat shock. Activation is detectable after 20 min and peaks after 30 min , suggesting that the signaling pathway is not sensing temperature change directly, but is detecting some secondary effect of exposure to high temperature. One response to thermal stress is the accumulation of cytoplasmic trehalose (Neves and Francois 1992; De Virgilio et al. 1994) , which reaches levels of .0.5 M for the purpose of protecting proteins from thermal denaturation and aggregation Singer and Lindquist 1998) . Such a striking increase in intracellular osmolarity would impact turgor pressure. Indeed, preventing trehalose production in response to heat stress greatly diminishes CWI signaling (Mensonides et al. 2005) . The CWI sensors are important for thermal activation of Mpk1, supporting the conclusion that this stress is ultimately transmitted to the cell surface (Gray et al. 1997; Ketela et al. 1999; Rajavel et al. 1999; Martín et al. 2000) . Another response to heat stress that impacts CWI signaling is the transient production of PIP 2 (Desrivieres et al. 1998; Audhya and Emr 2002) , which, as noted above, activates Rho1.
Hypo-osmotic shock
Hypo-osmotic shock induces a rapid, but transient, activation of CWI signaling (Davenport et al. 1995; Kamada et al. 1995) .
Mpk1 is activated within 15 sec of an osmotic downshift, but basal activity is restored after 30 min. The Sln1 cell-surface osmosensor is also stimulated by hypo-osmotic shock, which results in activation of the Skn7 transcription factor in support of cell wall biogenesis. By contrast, the Hog1 MAPK is activated in response to hyper-osmotic shift (a result of Sln1 inactivation). However, it is interesting that hyper-osmotic shock also induces a delayed and transient activation of CWI signaling (45-60 min post shock), evidently a secondary consequence of the increased intracellular glycerol generated by the HOG pathway (García-Rodríguez et al. 2005) . In addition to these pathways, the Cch1/Mid1 Ca 2+ channel is activated by hypo-osmotic shock (Batiza et al. 1996) , which activates calcineurin in support of cell wall biosynthesis (GarrettEngele et al. 1995).
Pheromone-induced morphogenesis
Activation of the mating pheromone response pathway induces cell cycle arrest in G1 phase followed by the formation of a mating projection toward the source of pheromone (Elion 2000) . Projection formation constitutes a cell wall stress because it requires polarization of the actin cytoskeleton and the secretory pathway to mobilize remodeling of the cell surface. Consistent with this, mating pheromone stimulates CWI signaling at a time that is coincident with the onset of projection formation (Errede et al. 1995; Zarzov et al. 1996; Buehrer and Errede 1997) . Indeed, mutants defective in CWI signaling undergo cell lysis during pheromone-induced morphogenesis (Errede et al. 1995) , reflecting the major reorganization of the cell wall associated with projection formation. Similar to CWI signaling, calcineurin is also activated as a late response to pheromone treatment and is required for survival (Withee et al. 1997) .
Both Rho1 and Pkc1 localize to projection tips of cells treated with pheromone (Ayscough and Drubin 2003; Bar et al. 2003) . The Gbg complex of the pheromone response pathway, which provides the positional clues for polarity establishment, recruits Rho1 to the site of polarized growth (Bar et al. 2003) . Precedents for the association of mammalian RhoA with Gb subunits reveal that this interaction is highly conserved (Harhammer et al. 1996; Alberts et al. 1998 ). As noted above, the Mid2 sensor is also recruited to mating projections (Hutzler et al. 2008) . The mechanism controlling its redistribution is likely to be polarized secretion, but the requirements have not been explored.
Cell wall stress agents and cell wall biogenesis mutations
Chemical agents that induce cell wall stress-such as the chitin antagonists Calcofluor white and Congo red, enchinocandin inhibitors of GS, the cell wall lytic enzyme zymolyase, and caffeine-activate CWI signaling (Kopecka and Gabriel 1992; Ketela et al. 1999; De Nobel et al. 2000 , Martín et al. 2000 Jung et al. 2002; Reinoso-Martín et al. 2003; Garcia et al. 2004 Garcia et al. , 2009 Kuranda et al. 2006; Bermejo et al. 2008) . Mutations that impair cell wall biosynthesis similarly activate CWI signaling (De Nobel et al. 2000; Terashima et al. 2000; Bulik et al. 2003; Lagorce et al. 2003) . With two notable exceptions-zymolyase and caffeine-the specific nature of the cell wall stress seems to be unimportant with regard to the activation route, suggesting that any condition that interferes with maintenance of the cell wall integrity is sufficient to trigger signaling of a subset of the cell-surface sensors.
Activation of CWI signaling in response to treatment with zymolyase, an enzymatic cell wall antagonist derived from a yeast-digesting bacterium that targets both b-1,3,-glucans and cell wall proteins, is largely independent of Wsc1 and Mid2 as well as all three of the Rho1-GEFs (Bermejo et al. 2008) . Instead, activation of CWI signaling requires the components of the Sho1 branch of the HOG pathway, including Hog1, suggesting sequential activation of the two pathways by zymolyase (Bermejo et al. 2008 (Bermejo et al. , 2010 Garcia et al. 2009 ). It is conceivable that zymolyase treatment causes proteolytic destruction of the cell wall stress sensors, necessitating the evolution of an alternative activation route for CWI signaling in response to this stress. Sho1 is a multi-pass plasma membrane protein with cytoplasmic N and C termini that exposes very little sequence to the cell surface (Maeda et al. 1995; Tatebayashi et al. 2007 ) and may therefore be resistant to proteolytic degradation. This unusual activation route for CWI signaling requires Pkc1 and the MAPK cascade (Bermejo et al. 2008) , raising the interesting question as to the point of interface between Hog1 and the CWI pathway.
Caffeine is also an unusual cell wall stress agent. The mechanism by which it induces wall stress is not understood, but genome profiling suggests that the primary target may be the TORC1 protein kinase complex (Lum et al. 2004; Kuranda et al. 2006) . However, it appears likely that additional targets are involved. For example, although caffeine treatment activates Mpk1, this agent induced additional phosphorylation of the MAPK through the DNA damage checkpoint kinases, Mec1/Tel1 and Rad53 (Truman et al. 2009 ). The effect of these additional modifications is to prevent Mpk1 from associating with Swi4, thus blocking this part of the transcriptional program. Thus, it appears that caffeine in some way also targets DNA metabolism.
Actin cytoskeleton depolarization
When cells are subjected to heat stress, the actin cytoskeleton becomes redistributed from a polarized state to a more uniform localization around the cell periphery (Lillie and Brown 1994; Desrivieres et al. 1998) . The mechanism that drives actin delocalization in response to this cell wall stress is not understood, but the process does not require CWI signaling (Levin 2005) . Instead, the components of the CWI pathway also become delocalized in what has been proposed as a mechanism to repair cell wall damage that might arise at any point on the cell surface (Delley and Hall 1999; Andrews and Stark 2000) . Intriguingly, although delocalization of Rho1 and Fks1 from the bud tip in response to heat stress is independent of Mpk1, delocalization of Rom2 requires the MAPK (Guo et al. 2009 ). This, together with the observation that Rom2 is phosphorylated in an Mpk1-dependent manner in response to cell wall stress, prompted the suggestion that Mpk1 engages in a negative feedback loop that downregulates pathway signaling by depriving Rho1 of its GEF (Guo et al. 2009 ).
The CWI pathway, including Mpk1, is required for repolarization of the actin cytoskeleton after cell wall stress (Delley and Hall 1999) . Although the mechanism by which Mpk1 drives actin repolarization is not yet understood, one possibility involves the feedback regulation mentioned above. Support for this notion comes from the observation that the requirement for Mpk1 in actin repolarization can be overcome by artificial downregulation of Pkc1 (Guo et al. 2009 ), suggesting that signaling through the upper part of the pathway must be terminated to re-establish actin polarity.
Depolarization of the actin cytoskeleton by treatment with the actin antagonist latrunculin-B activates Mpk1 (Harrison et al. 2001) . Similarly, rapamycin treatment, which depolarizes the actin cytoskeleton by inhibiting the shared function of the Tor1/2 protein kinases, also induces Mpk1 activation (Krause and Gray 2002; Torres et al. 2002) . Although Rho1 and Pkc1 are required for Mpk1 activation in response to actin depolarization, there is disagreement as to the requirement for the cell-surface sensors. However, Mpk1 activation in response to actin depolarization was blocked by the presence of osmotic support (Harrison et al. 2001; Torres et al. 2002) , suggesting that the CWI pathway senses actin depolarization as a cell wall stress. This may arise as a consequence of disrupting polarized secretion.
ER stress
There is an intricate interrelationship between CWI signaling and ER stress. Several groups have shown that ER stress induced by tunicamycin, 2-deoxyglucose, or dithiothreitol activates CWI signaling and that Mpk1 is an important determinant of ER stress survival (Bonilla and Cunningham 2003; Chen et al. 2005; Babour et al. 2010) . Genetic analyses revealed that ER stress activation of CWI signaling is independent of the unfolded protein response (UPR), the classic ER stress response pathway controlled by Ire1 and Hac1 (Chen et al. 2005) . Mpk1 activation in response to tunicamycin treatment appears to be triggered principally by the Wsc1 sensor (Babour et al. 2010) , but in some manner is also dependent on the Hos2/Set3 histone deacetylase complex (Cohen et al. 2008) . The mechanism by which the deacetylase complex acts to control CWI pathway activation awaits elaboration. Activation of CWI signaling by ER stress drives the Rlm1-mediated transcriptional program (Cohen et al. 2008; Babour et al. 2010) , indicating that response to this stress involves enhanced cell wall biogenesis.
The Cch1-Mid1 plasma membrane Ca 2+ channel is also activated in response to ER stress, which causes elevation of cytosolic Ca 2+ and activation of calcineurin (Bonilla et al. 2002) (Figure 6B ). The proximal activator of this channel is thought to be plasma membrane stretch (Kanzaki et al. 1999) , a condition that also activates CWI signaling . Although activation of Cch1-Mid1 in response to ER stress is dependent on Mpk1 (Bonilla and Cunningham 2003) , it is not clear if this control is direct or indirect. Nor is it known if Mpk1 activates this Cch1-Mid1 in response to all cell wall stresses. Nevertheless, it is suggestive that, in addition to activation by ER stress, Cch1-Mid1 and calcineurin are activated by pheromone treatment (Cyert and Thorner 1992; Foor et al. 1992; Moser et al. 1996) , heat shock (Zhao et al. 1998) , and hypo-osmotic shock (Batiza et al. 1996) , all conditions that activate CWI signaling. On the other hand, calcineurin activation in response to heat shock is independent of Mpk1 (Zhao et al. 1998) . Clearly, the interplay between these signaling pathways requires further dissection.
Perhaps surprisingly, activation of CWI signaling by cell wall stress also activates the UPR (Scrimale et al. 2009 ), revealing the existence of cross-regulation between these two systems. Krysan (2009) has suggested that this relationship might be explained in the following way. Activation of CWI signaling by cell wall stress increases the total protein flux through the ER en route to the cell surface and therefore may require increased ER capacity. Conversely, ER stress may result in the delivery of misfolded proteins to the cell surface, which consequently induces cell wall stress. Intriguingly, UPR activation by cell wall stress was shown to require Swi6, but not any of its known partners, suggesting the possibility of a nontranscriptional role for this protein. The mechanism by which the CWI signaling pathway interfaces with the Ire1 protein kinase in the ER membrane promises to be fascinating.
Turgor pressure and plasma membrane stretch
There is strong evidence that plasma membrane stretch is the principal underlying physical stress that activates CWI signaling. First, chlorpromazine, an amphipathic molecule that causes membrane stretch by asymmetric insertion into the plasma membrane, is a potent activator of Mpk1 . Second, mutants that experience increased turgor pressure induced by elevated intracellular concentrations of potassium (ppz1/2D) or glycerol (rgc1/ 2D) display constitutively high Mpk1 activity (Merchan et al. 2004; Beese et al. 2009 ). Additionally, as noted above, heat stress results in elevated turgor pressure through the accumulation of trehalose. Finally, increased extracellular osmolarity, which blocks outward plasma membrane stretch by neutralizing turgor pressure, prevents activation of CWI signaling by various cell wall stressors De Nobel et al. 2000; Harrison et al. 2001; Torres et al. 2002; Mensonides et al. 2005) . During periods of polarized cell growth, cell wall expansion at bud tips and mating projections may be a natural source of plasma membrane stretch. Transient weakness during cell wall remodeling may allow the plasma membrane to stretch against it.
Downregulation of signaling: MAP kinase phosphatases
Mpk1 is downregulated by four protein phosphatases: the Ptp2 and Ptp3 tyrosine-specific phosphatases and the dualspecificity (Tyr and Ser/Thr) paralogs Sdp1 and Msg5 (reviewed in Martín et al. 2005) . Among these, Sdp1 is the only one to target Mpk1 specifically (Collister et al. 2002) . Overexpression of SDP1 suppresses the growth defect of cells expressing constitutive MKK1 (Hahn and Thiele 2002 ). An sdp1D mutant displays a normal level of Mpk1 activity under nonstress conditions but enhanced Mpk1 activation in response to cell wall stress, suggesting that its role is to down-regulate Mpk1 after stimulation to re-establish the resting state. Expression of SDP1 is under the control of the Msn2/4 stress-activated transcription factors, but not of Rlm1. Thus, although Sdp1 may be the only protein phosphatase dedicated solely to the regulation of Mpk1, its regulation appears to be independent of Mpk1.
In contrast to Sdp1, the function of Msg5 with respect to CWI signaling appears to be to maintain a low basal activity of Mpk1 in the absence of stress (Marín et al. 2009 ). Like SDP1, overexpression of MSG5 suppresses the constitutive MKK1 growth defect (Watanabe et al. 1995) . However, deletion of MSG5 results in increased basal phosphorylation of Mpk1 (Martín et al. 2000; Marín et al. 2009 ). Intriguingly, this increased Mpk1 phosphorylation is not accompanied by an increase in its protein kinase activity (Marín et al. 2009) , suggesting that phosphorylation is necessary but not sufficient for Mpk1 protein kinase activity. The catalytic domain of Mpk1 associates with the N-terminal regulatory domain of Msg5 in vivo and in vitro (Andersson et al. 2004; Flandez et al. 2004) . These proteins engage in reciprocal regulation in which Mpk1 phosphorylates Msg5 in response to CWI pathway activation, which results in decreased affinity between the two proteins. This appears to constitute a positive feedback loop for prolonged activation of Mpk1, which has been observed in response to chronic cell wall stress Beese et al. 2009 ).
The Ptp2 and Ptp3 tyrosine phosphatases, which dephosphorylate Mpk1 in vivo and in vitro, also act on the Fus3 and Hog1 MAPKs (Mattison et al. 1999) . Of these, Ptp2 appears to be more effective against Mpk1 than is Ptp3. Additionally, expression of PTP2, but not of PTP3, is induced in response to heat shock in an Rlm1-dependent manner (Hahn and Thiele 2002) , suggesting that activation of Mpk1 establishes a negative feedback loop for its inactivation by Ptp2. The positive regulation of PTP2 expression by Mpk1 is in contrast to the negative regulation of Msg5 activity by this MAPK. Perhaps like Sdp1, Ptp2 and Ptp3 function to re-establish the resting state of Mpk1 after stress-induced activation.
CWI Transcriptional Program
Rlm1 is a target of Mpk1
The Rlm1 (resistant to the lethality of constitutive Mkk1) transcription factor is responsible for the bulk of the CWI signaling transcriptional program. As its name suggests, RLM1 was identified in a genetic screen for mutants that could survive the growth inhibition caused by a constitutive form of Mkk1 (Watanabe et al. 1995; Yashar et al. 1995) . Rlm1 possesses an N-terminal DNA-binding domain related to the MADS (MCM1, agamous deficiens, serum response factor) box family of transcriptional regulators. This factor is most closely related to mammalian MEF2, sharing the same in vitro binding specificity [CTA(T/A) 4 TAG] (Dodou and Treisman 1997). However, in vivo studies revealed that the binding specificity is relaxed at the terminal G/C base pairs (Jung and Levin 1999; Jung et al. 2002) . Rlm1 is constitutively nuclear where Mpk1 activates it by phosphorylation at two residues within its transcriptional activation domain (Ser427 and Thr439) Jung et al. 2002) . A D motif in the Rlm1 activation domain is essential for activation by Mpk1 and is conserved in MEF2 (Jung et al. 2002) .
Multiple genome-wide surveys of genes regulated through the CWI pathway have been reported. One report identified changes in gene expression in response to constitutive activation of Mkk1 (Jung and Levin 1999) . This study revealed that Rlm1 regulates the expression of at least 25 genes, most of which encode cell wall proteins or have been otherwise implicated in cell wall biogenesis. All of these genes were shown to be regulated in response to cell wall stress under the control of Rlm1. A similar global gene expression study reported the use of constitutive forms of Pkc1 and Rho1 to identify an overlapping set of CWI signalingregulated genes (Roberts et al. 2000) . In this study, RLM1 was identified among the induced genes, suggesting the existence of an autoregulatory circuit for amplification of the stress response. Consistent with this, the RLM1 gene was also induced in response to cell wall stress associated with an fks1D mutation (Bulik et al. 2003) .
A genome-wide analysis of genes induced by mutations that affect the cell wall (i.e., fks1D, gas1D, kre6D, mnn9D, and knr4D) identified a group of 80 upregulated genes common to these cell wall-stressing mutations (Lagorce et al. 2003) . In silico analysis of the regulatory regions of these genes revealed that many possess sites for Rlm1, Swi4, and Crz1, as well as for Msn2/4. Similar analyses using Congo red, zymolyase, or Calcoflour white to induce cell wall damage identified an overlapping set of genes that implicated the same group of transcription factors (Boorsma et al. 2004; Garcia et al. 2004) . These results are consistent with the co-activation of CWI signaling and Ca 2+ signaling as well as with general stress signaling under these conditions. Zymolyase additionally induced a set of genes under the control of the HOG pathway. This is now understood to be the consequence of sequential activation of the HOG and CWI pathways by this stress (Bermejo et al. 2008; Garcia et al. 2009) .
One intriguing transcriptional target of Rlm1 is MLP1 (Mpk1-like protein kinase) (Jung and Levin 1999) , which encodes a paralog of Mpk1 . Its function remained obscure until recently due largely to an absence of phenotypic defects associated with its loss. Mlp1 is lacking several catalytic domain residues recognized to be critical for protein kinase activity (Hanks and Hunter 1995) . Additionally, the Thr residue within the dual phosphorylation site of the activation loop of MAPKs (Thr-X-Tyr) is a Lys in Mlp1. Although Mlp1 protein levels increase by 100-fold in response to cell wall stress, efforts to detect protein kinase activity have been unsuccessful (Levin 2005) . It is now clear that Mlp1 is a pseudokinase that is redundant with Mpk1 specifically for its noncatalytic transcriptional functions (see the section Noncatalytic transcriptional functions of Mpk1 below). Because the MLP1 gene is induced by Rlm1 in response to Mpk1 activity, this sets up an interesting feedback loop, which specifically augments the noncatalytic portion of the transcriptional program (Figure 7 ).
Noncatalytic transcriptional functions of Mpk1
SBF (Swi4/Swi6) is an Mpk1/Mlp1 target: A second transcription factor implicated in CWI signaling is SBF, a dimeric regulator of G 1 -specific transcription composed of Swi4 and Swi6 (reviewed in Breeden 2003) . Swi4 is the sequence-specific DNA-binding subunit that recognizes a seven-nucleotide sequence called an SCB (CA/GCGAAA) (Taylor et al. 2000) , but Swi6 is required for binding to cell cycle-regulated promoters (Andrews and Moore 1992; Sidorova and Breeden 1993; Baetz and Andrews 1999) . Swi6 allows Swi4 to bind DNA by relieving an auto-inhibitory intramolecular association of the Swi4 C terminus with its DNA-binding domain. Additionally, Swi6 is the transcriptional activation component of SBF (Sedgwick et al. 1998) .
Genetic and biochemical evidence suggested many years ago that SBF also participates in CWI signaling as a target of Mpk1. First, the cell lysis defect of an mpk1D mutant is suppressed by overexpression of Swi4 (Madden et al. 1997) . Second, both swi4D and swi6D mutants are hypersensitive to Calcofluor white, supporting a role for SBF in Figure 7 The CWI pathway transcriptional program. The majority of genes regulated by CWI signaling are under the control of the Rlm1 transcription factor, which is phosphorylated and activated by Mpk1. Among these genes is MLP1, which encodes a pseudokinase paralog of Mpk1. Using a mechanism that is independent of protein kinase catalytic activity, Mpk1, together with Mlp1, drive expression of a subset of cell wall stress-induced genes through the Swi4/Swi6 transcription factor (including FKS2).
cell wall biogenesis (Igual et al. 1996) . Third, Mpk1 associates with dimeric SBF in vivo, as judged by coprecipitation experiments (Madden et al. 1997) , and with Swi4 (but not Swi6) in vitro (Baetz et al. 2001) . Fourth, Swi6 is phosphorylated in vivo and in vitro by Mpk1 in response to cell wall stress (Madden et al. 1997; Baetz et al. 2001) . The full significance of these findings remained shrouded until recent reports established the nature of the relationship between Mpk1 and SBF.
It is now clear that SBF drives gene expression in response to cell wall stress in a manner that is independent of its role in G 1 -specific transcription (Kim et al. 2008; Truman et al. 2009; . Mpk1 and its pseudokinase paralog, Mlp1, which is also activated by the MEKs of the CWI signaling pathway, use a noncatalytic mechanism to activate SBF for transcription of a subset of cell wall stress-activated genes. This mechanism nevertheless requires Mpk1, or Mlp1, to be in the active (phosphorylated) conformation. A mutation in the ATP-binding site of Mpk1 (mpk1-K54R) did not affect induced transcription of SBF-dependent genes, but a mutation that blocked dual phosphorylation of its activation loop (mpk1-TA/YF) abolished transcription (Kim et al. 2008; ). As noted above, Mlp1 does not possess the dual phosphorylation motif of MAPKs, but is activated by single phosphorylation of Tyr192 (Kim et al. 2008) . Although not always explicitly noted in the sections below, Mlp1 can carry out all of the noncatalytic functions ascribed to Mpk1. Genes under the control of this pathway branch include FKS2, CHA1, YLR042c, and YKR013w, although this is likely not a complete list .
Chromatin immunoprecipitation (ChIP) experiments revealed that activated Mpk1, or Mlp1 forms a complex with Swi4 that associates with SBF-binding sites in the promoters of cell wall stress target genes independently of Swi6 (Kim et al. 2008) (Figure 8 ). In this context, Mpk1 relieves the auto-inhibitory Swi4 interaction by binding to a D motif on Swi4 that is adjacent to the C-terminal Swi6-binding site (Truman et al. 2009 ). Although Mpk1 substitutes for Swi6 in allowing Swi4 to bind DNA at the promoters of cell wall stress-activated genes, Swi6 must be recruited to the Mpk1-Swi4 complex for transcriptional activation to ensue. Swi6 is presumed to bind to the same site in the Swi4 C terminus as it does in the control of cell cycle-regulated genes, thereby forming an Mpk1-Swi4-Swi6 trimeric complex on the promoter. This complex, and specifically Swi6, is required for recruitment of the RNA Pol II to these promoters (Kim and Levin 2011 ).
Paf1 complex is an Mpk1/Mlp1 target: Remarkably, in addition to their role in recruiting Swi4 and Swi6 to promoters, Mpk1 and Mlp1 serve a second noncatalytic function in the expression of SBF-activated cell wall stressinduced genes. ChIP experiments revealed that the MAPK and pseudokinase move from the promoter of regulated genes to the coding region, leaving Swi4 and Swi6 behind (Figure 8 ). This results from an apparent "hand off" of Mpk1 from Swi4 to the RNA polymerase II (Pol II)-associated complex (Paf1C) on the promoter (Kim and Levin 2011) . This complex, originally identified in yeast, is composed of five subunits (Paf1, Cdc73, Rtf1, Ctr9, and Leo1) (Mueller et al. 2004) . As its name implies, the Paf1C associates directly with RNA Pol II. It has been implicated in transcription start site selection (Stolinski et al. 1997) , elongation (Costa and Arndt 2000; Betz et al. 2002; Rondon et al. 2004; J. Kim et al. 2010) , and as a platform for the recruitment of histone methyltransferases (Krogan et al. 2003; Wood et al. 2003) and 39-end processing factors to the elongation complex (Mueller et al. 2004; Penheiter et al. 2005; Sheldon et al. 2005) .
Global gene expression analysis suggested that the Paf1C is required for the expression of ,5% of yeast genes (Penheiter et al. 2005) , including many involved in progression of the cell cycle (Koch et al. 1999; Porter et al. 2002) and some in cell wall biosynthesis (Chang et al. 1999) . Consistent with the observation that the Paf1C is important for the expression of only a small subset of RNA Pol IItranscribed genes, the yeast Paf1C components are not essential, but their loss results in hyper-sensitivity to a variety of stresses (Betz et al. 2002) , implicating this complex in the expression of stress-responsive genes. Among the conditions to which mutants in the Paf1C are hyper-sensitive is cell wall stress, prompting the suggestion by Jaehning and coworkers that the CWI pathway plays a regulatory role in Paf1C-mediated transcription (Chang et al. 1999) .
A role for Mpk1 in the regulation of transcription elongation was revealed with the discovery that Mpk1 makes direct contact with the Paf1 subunit of the PafC (Kim and Levin 2011) . Here, as in the case of its interaction with Swi4, the association is between the docking site of the active MAPK and a D motif in the target. A mutation in the Paf1 D motif (Paf1-4A) that specifically ablates the Mpk1 interaction blocks transcription elongation of a cell wall stress-activated target gene (FKS2), but not other Paf1C-dependent genes (e.g., CLN2). ChIP experiments demonstrated that, although the initiation complex (including Mpk1/Swi4/Swi6 and RNA Pol II/Paf1C) is assembled on the promoter in this paf1 mutant, the elongation complex does not proceed to the coding region of the gene. The phenotypic consequence of the paf1-4A mutation is specific hyper-sensitivity to cell wall stress agents, but not to other stresses to which a paf1D mutant is hyper-sensitive. These results revealed that the Paf1C is a physiologically important target of CWI signaling.
Mechanism of control of transcription elongation by Mpk1: Genetic and biochemical analyses revealed that the Mpk1 interaction with Paf1 allows transcription elongation of the FKS2 gene by preventing premature termination by the Sen1-Nrd1-Nab3 complex (Kim and Levin 2011) . This complex, which is recruited widely to Pol II promoters of all types (J. , is used specifically for termination of short, nonpolyadenylated Pol II transcripts, including small nucleolar RNAs, cryptic unstable transcripts, and a few specialized sites of mRNA attenuation (Ursic et al. 1997; Rasmussen and Culbertson 1998; Steinmetz et al. 2001 Steinmetz et al. , 2006 Wyers et al. 2005; Arigo et al. 2006) . Termination by this complex is directed by recognition of specific sequences in the nascent RNA by Nrd1 and/or Nab3 (Steinmetz et al. 2001; Morlando et al. 2002; Carroll et al. 2004) . A single Nab3-binding site within the FKS2 promoter-proximal region was shown to be responsible for transcriptional attenuation under non-inducing conditions, which appears to minimize FKS2 expression in the absence of cell wall stress (Kim and Levin 2011) . Attenuation must therefore be relieved under inducing conditions, and Mpk1 serves double duty in this regard. Mpk1 is responsible for recruitment of Swi4/Swi6 (and Pol II with Paf1C) to the FKS2 promoter, and the subsequent Mpk1-Paf1 interaction blocks recruitment of the termination complex to the elongating polymerase. Thus, Mpk1 and Mlp1 serve two essential functions in the induced expression of FKS2: transcription initiation and antitermination. Figure 8 outlines the various steps in this noncatalytic pathway for transcriptional control by Mpk1/Mlp1. It is interesting to note that both of these noncatalytic functions of Mpk1 and Mlp1 are complemented by the human ERK5 MAPK and that the MAPK/Paf1 interaction is conserved between ERK5 and human Paf1 (Kim et al. 2008; Kim and Levin 2011) .
With regard to attenuation, if Mpk1 functions simply as a physical impediment to the recruitment of the termination complex, this would suggest a generalizable model in which other transcription factors could use the Paf1C as a platform for the same purpose. Indeed, examination of a yeast 39 SAGE database (Neil et al. 2009 ) reveals that short sense transcripts are produced across the promoter regions of 10% of proteincoding genes (Kim and Levin 2011) , suggesting that transcriptional attenuation may be a widespread phenomenon.
Control of Swi6 nucleocytoplasmic shuttling by Mpk1
Swi6 is phosphorylated in vivo and in vitro by heat stressactivated Mpk1 (Madden et al. 1997; Baetz et al. 2001) . However, the results of Kim et al. (2008) made clear that whatever the function of this phosphorylation event, it was not required to drive transcription of Mpk1-Swi4-Swi6-dependent genes, which, as discussed above, is unimpaired by the absence of Mpk1 catalytic activity. In fact, FKS2 transcription induced by cell wall stress was slightly enhanced in the catalytically inactive mpk1-K54R mutant. This is explained by the observation that Mpk1 phosphorylation of Swi6 on Ser238 impairs the function of a neighboring nuclear localization signal (NLS), resulting in a net relocalization of Swi6 from the nucleus to the cytoplasm (K.-Y. .
Interestingly, Swi6 also undergoes nucleocytoplasmic shuttling in a cell cycle-regulated manner (Sidorova et al. 1995) . The Clb6/Cdc28 S-phase cell cycle kinase is responsible for phosphorylation of Swi6 on Ser160 (Geymonat et al. 2004) . Swi6 resides predominantly in the cytoplasm from late G1 until late M phase, at which time it relocalizes to the nucleus in response to dephosphorylation at Ser160, where it remains for most of G1. Phosphorylation of Ser160 by Cdc28, like that of Ser238 by Mpk1, impairs the function of a neighboring NLS (Harreman et al. 2004) . Thus, Swi6 possesses two distinct NLS signals, one regulated by Cdc28 periodically through the cell cycle and the other regulated by Mpk1 in response to cell wall stress. In this way, two disparate signals are integrated at a single endpoint, restricting nuclear access of Swi6 (Figure 9 ). The cell cycle-regulated NLS is recognized by the a/b-importin complex Srp1/Kap95 (Harreman et al. 2004), whereas the cell wall stress-regulated NLS is recognized by b-importin Kap120 (K.-Y. .
The apparently dual positive and negative regulation of Swi6 by Mpk1 suggests a temporal shift in which the initial stress signal mobilizes Swi4 and Swi6 for transcriptional activation. Thereafter, further transcriptional activation would be muted by the effect of Swi6 phosphorylation by Mpk1. This interpretation was supported by kinetic analysis of Swi6 phosphorylation on Ser238 and changes in its subcellular localization. Immediately upon activation of Mpk1 by heat stress, Swi6 is recruited to the nucleus (K.-Y. . This recruitment can be mediated by either activated Mpk1 or Mlp1 and does not require catalytic activity, as described in Noncatalytic transcriptional functions of Mpk1. It is also dependent on the Mpk1-Swi4 interaction, suggesting that Swi6 is retained in the nucleus by the Mpk1 (or Mlp1)-Swi4 complex. Upon initial Mpk1 activation, very little of the Swi6 is phosphorylated on Ser238. However, as Swi6 becomes fully phosphorylated over the course of the next 40 min, it gradually returns to the cytoplasm in what appears to be a downregulatory modulation.
An alternative interpretation is that Swi6 may have an extranuclear function during cell wall stress. This possibility is supported by the recent observation that Swi6, but not Swi4, is required for activation of the UPR at the ER in cells challenged by cell wall stress (Scrimale et al. 2009) . Under this scenario, Mpk1 phosphorylation of Swi6 redirects it from its nuclear function to another function at the ER.
Chitin synthase 3: The chitin emergency response
Chitin is a linear polymer of b-1,4-N-acetylglucosamine (GlcNAc) produced from UDP-GlcNAc, which, under nonstress conditions, makes up 2% of the cell wall mass. In a variety of mutants that cause cell wall stress, chitin levels increase to as much as 20% of total wall polymers (Popolo et al. 1997; García-Rodriguez et al. 2000; Valdivieso et al. 2000) . Additionally, the amount of chitin in the cell wall of mating projections is greatly increased (Schekman and Brawley 1979) . In both cases, Chitin synthase 3 (Chs3) is responsible for the increased chitin deposition (Choi et al. 1994 ). This chitin is largely linked to b-1,6-glucan chains in the lateral wall, which may also be linked to GPI-CWPs (Cabib and Duran 2005) (Figure 1) .
Under nonstress conditions, most of the Chs3 is maintained as an internal reservoir, called chitosomes, within the trans-Golgi network (TGN)/early endosome compartments. In response to cell wall stress, Chs3 rapidly exits the TGN and redistributes to the plasma membrane (Valdivia and Schekman 2003) . Rapid mobilization of Chs3 to the cell surface was proposed to provide a mechanism for cell wall repair. Pkc1 function is required both for heat stress-induced Chs3 mobilization and for its phosphorylation in vivo (Valdivia and Schekman 2003) , but it is not clear if Chs3 is a direct target of Pkc1. Moreover, the Chs3 phosphorylation level did not correlate with its stress-induced transport to the plasma membrane. Thus, the key regulatory function of Pkc1 with respect to Chs3 behavior remains unclear.
Another aspect of the chitin response to cell wall damage is the induced expression of GFA1. This gene encodes glucosamine-6-phosphate synthase, the first committed and rate-limiting step in the production of UDP-GlcNAc for biosynthesis of chitin (among other products) (Orlean 1997) . Under conditions of cell wall stress (e.g., in gas1 or fks1 mutants) and in response to treatment with mating pheromone, GFA1 expression is induced severalfold (Bulik et al. 2003; Sobering et al. 2004) . Ectopic overexpression of GFA1 is sufficient to drive an increase in chitin deposition in the lateral cell wall (Lagorce et al. 2002) , indicating that this biosynthetic step is a critical determinant in the amount of chitin produced by Chs3. Induction of GFA1 in response to cell wall stress is under the control of the Rlm1 transcription factor (Levin 2005) . Additionally, the CHS3 gene is induced by CWI signaling under the control of Rlm1 (Jung and Levin 1999) . Thus, CWI signaling contributes to the chitin emergency response at least at three levels.
Cell Cycle Regulation of Cell Wall Construction
The deposition of cell wall material is tightly coordinated with cell cycle progression and is critical for proper abscission. Importantly, the pattern of wall deposition changes through the cell cycle. Young daughter cells grow isotropically, inserting new cell wall polymers into existing wall matrix. At the time of bud emergence, cell growth switches to focused (apical) growth at a single point on the cell surface directed by the polarisome. Bud emergence requires the weakening and remodeling of cell wall at the incipient bud site. As the bud enlarges, its growth switches gradually from an apical to an isotropic pattern. At the time of cytokinesis, Figure 9 Control of Swi6 nucleocytoplasmic shuttling. Swi6 possesses two nuclear localization (NLS) signals, NLS1 and NLS2, which are both regulated by phosphorylation. NLS1 is regulated through the cell cycle, and its function is blocked by phosphorylation on Ser160 by the S-phase CDK, Clb6/Cdc28, resulting in cytoplasmic localization of Swi6 at times other than G1. NLS2 is regulated by cell wall stress and its function is blocked by Mpk1 phosphorylation on Ser238. This feedback inhibitory event down-regulates cell wall stress-induced transcription after activation. Together, these two disparate signals converge to control Swi6 nuclear localization under different conditions. The indicated karyopherins recognize each NLS.
the polarisome reassembles at the mother-bud neck to direct septum formation.
Cell cycle regulation of cell wall gene expression
Periodic expression of cell wall-related genes through the cell cycle occurs in waves that reflect specific needs for spatio-temporal insertion of wall material (Klis et al. 2006) . For example, expression of some groups of genes encoding CWPs and cell wall biosynthetic proteins peaks in early G1 (Pir-CWPs, Pst1, Chs1, etc.) and others in late G1 (Crh1, Chs3, etc.), S phase (Dfg5), G2 phase (Cis3, Cwp1, Cwp2, Dcw1, Fks1, Gas1, etc.), or M phase (Gas5, Chs2). Because Mpk1 activity is also regulated periodically through the cell cycle (peaking in G1), the relative contribution of cell cyclecontrolled transcription and CWI-induced transcription to this pattern remains to be teased apart.
Chitin synthesis through the cell cycle During unstressed growth, chitin is highly concentrated at the bud neck, forms the primary septum during cytokinesis, and is present in small amounts in the lateral wall. Three chitin synthases, each with a specialized activity, are encoded by CHS1, CHS2, and CHS3 (Cabib and Duran 2005; Lesage and Bussey 2006) . Chs3 is responsible for producing both the chitin that is inserted into the lateral wall during early G1 phase and the chitin ring at the incipient bud site in late G1. Chitin in the lateral wall is linked mainly through b-1,6-glucan chains. The chitin ring, which is attached directly to the b-1,3-glucan network, will ultimately define the mother/bud neck (Cabib and Duran 2005) . Chs2, which is expressed specifically during mitosis, produces the chitin of the primary septum, which separates the mother and daughter cells by closing the chitin ring. Chs1, which is expressed during early G1 phase, is thought to be responsible for chitin repair of the septum after cytokinesis. The primary septum is covered on either side by a secondary septum of wall material. Dissolution of the primary septum allows separation of the bud from the mother cell.
Rho1 activation through the cell cycle CWI signaling is regulated periodically through the cell cycle, peaking at the time of bud emergence when growth is most highly polarized (Zarzov et al. 1996) . Studies from the Ohya and Pellman labs using assays for active Rho1 (Abe et al. 2003; Yoshida et al. 2006; Kono et al. 2008) revealed that this GTPase is activated at the G1/S boundary and again late in mitosis. Consistent with this are the observations that active Rho1 localizes to incipient bud sites and to the bud tip in small-budded cells (Abe et al. 2003) and to the mother-bud neck during cytokinesis (Yoshida et al. 2006 ). As noted above, localization of Rho1 at the bud tip is important for activation of GS and for proper actin cytoskeleton organization at least through control of Mpk1. The activation of Rho1 through the cell cycle is summarized in Figure 10 .
Rho1 activation during G1: Rho1 is activated in G1 in response to Cln2/Cdc28 phosphorylation of several sites within the N terminus of the Rho1-GEF, Tus1 (Kono et al. 2008 ). Tus1 appears to act in parallel with Rom2 during G1/S because growth and actin polarization defects of tus1 mutants blocked for Cdc28 phosphorylation were exacerbated by a rom2D mutation. Tus1 localizes transiently to prebud sites at G1/S, dispersing immediately after bud emergence, whereas Rom2 remains polarized at the bud cortex (Manning et al. 1997; Audhya and Emr 2002; Abe et al. 2003) , prompting the proposal that Tus1 augments the activity of Rom2 in Rho1 activation at an early stage of bud emergence (Kono et al. 2008 ).
Rho1 activation during anaphase: Rho1 is also active at the bud neck during anaphase (Yoshida et al. 2006 (Yoshida et al. , 2009 and displays a peak of activity in anaphase-arrested cells (in cdc14 and cdc15 mutants) (Kono et al. 2008) . Here, it functions in the assembly of the CAR, which facilitates cytokinesis (Tolliday et al. 2002; Balasubramanian et al. 2004) . Rho1 contributes to CAR formation, at least in part, through the Bni1 actin nucleator. During anaphase, Rho1 is targeted to the bud neck by its GEFs. Both its recruitment to the division site and its activation during anaphase are under the control of the Polo-like kinase Cdc5 (Yoshida et al. 2006) , which phosphorylates both Tus1 and Rom2. Cdc5 phosphorylation of Tus1 is responsible for its recruitment to the bud neck. Rho1 recruitment to the neck during anaphase also requires both Tus1 catalytic activity and the ability of Rho1 to undergo nucleotide exchange (Yoshida et al. 2009) . It is interesting to note that Polo-box-binding motifs (Ser-Ser/Thr-Pro) are often primed by CDK phosphorylation of the residue immediately upstream of the proline. In the case of Tus1, two Cdc5-binding sites within its N terminus (at residues 7-9 and 92-94) (Yoshida et al. 2006 ) are situated at two of the Cln2/Cdc28 sites thought to be important for Tus1 function at the bud tip (Kono et al. 2008) . These findings suggest the attractive hypothesis that Tus1 localization is controlled through sequential phosphorylation. Figure 10 Control of Rho1 activity through the cell cycle. Rho1 is activated at three sites through the cell cycle: the incipient bud site and bud tip during wall expansion, the mother/bud neck during mitosis, and between the septin rings during cytokinesis. Rho1's recruitment and activation at these sites involves different regulators and is likely to result in the activation of only a subset of effectors. The secondary septum is cell wall material that is distinct from the primary septum, which is chitin produced by Chs2. GS, glucan synthase; CAR, contractile actin ring.
Specifically, initial phosphorylation by Cdc28 results in its recruitment to the incipient bud site, which is followed by Cdc5 phosphorylation of Cdc28-primed Tus1 in late mitosis, resulting in its redeployment to the neck.
Rho1 activation during cytokinesis:
It is well established that Rho GTPases are required for CAR assembly in yeast as well as in animals (Yoshida et al. 2006; Takaki et al. 2008) . However, in yeast, unlike animal cells, the CAR is not essential for cytokinesis because there is an alternative pathway involving the formation of a cell wall septum, thus allowing the study of cell division events in the absence of a CAR. Using live cell imaging, Yoshida et al. (2009) found that Rho1 is recruited to the bud neck after mitotic exit to perform a second, CAR-independent function in cytokinesis. Post-mitotic recruitment of Rho1 to the division site was detected in mutants lacking Rho1-GEFs and in a constitutively GTP-bound Rho1 mutant, both of which, as noted above, are blocked for recruitment of Rho1 to the neck during anaphase and CAR formation. This secondary recruitment of Rho1 to the division site contributes to cytokinesis through cell wall biosynthesis.
Post-mitotic recruitment of Rho1 to thebud neck is through a spatially and mechanistically separate pathway from its recruitment to the neck during anaphase (Yoshida et al. 2009 ). Rather than being dependent on the Rho1-GEFs, recruitment requires a PIP 2 -binding polybasic sequence within the Rho1 C terminus. Upon mitotic exit, the septin ring splits into two rings on either side of the bud neck to facilitate cytokinesis. Rho1 is recruited specifically to the membrane region between the split rings in a manner dependent on PIP 2 production by Mss4 (Yoshida et al. 2009) , which is enriched at the bud neck during cytokinesis (Garrenton et al. 2010) . This post-mitotic recruitment pathway is essential to cytokinesis in mutants unable to form a CAR because of the requirement for septum formation. Although Tus1 is the Rho-GEF principally responsible for recruitment and activation of Rho1 to the bud neck during anaphase, Rom2 may be responsible for post-mitotic Rho1 activation on the basis of the observation that Rom2 is not recruited to the neck until after mitotic exit (Yoshida et al. 2006 ). This possibility is also consistent with the recruitment of Rom2 to sites of PIP 2 accumulation (Audhya and Emr 2002) . Thus, these studies demonstrated that Rho1 promotes cytokinesis through two separable pathwaysone that drives CAR assembly during anaphase and another that drives septum formation after mitotic exit.
Role for CWI signaling in the control of mitosis: The CWI checkpoint A growing body of evidence suggests that Pkc1 plays a role in the G 2 /M transition that is separate from its regulation of the MAPK cascade, perhaps as a mechanism to integrate the process of cell-surface expansion with progression of the cell cycle. First, conditional pkc1 mutants undergo cell lysis uniformly with small buds and duplicated DNA, but prior to spindle pole body (SPB) separation (Levin et al. 1990; Levin and Bartlett-Heubusch 1992) . Second, under growth conditions in which cell lysis was prevented by osmotic support, a conditional pkc1 mutant was shown to linger at G 2 /M, a phenotype that was attributed to a delay in spindle elongation (Hosotani et al. 2001) . Third, several studies have revealed genetic connections between Pkc1 and the chromatin remodeling complex called RSC (reviewed in Levin 2005) , which serves a critical function in the progression from G 2 to mitosis. Fourth, a pkc1 allele was isolated in a screen for mutants with elevated rates of mitotic recombination (Huang and Symington 1994) . Mutants in the MAPK cascade do not share these pkc1 phenotypes. Finally, the demonstration that the N-terminal C2-like domain of Pkc1 localizes to the mitotic spindle (Denis and Cyert 2005) supports the notion that this kinase has a target at the mitotic apparatus.
Work from the Ohya laboratory revealed the existence of a checkpoint that monitors cell wall biosynthesis and links it to progression of the cell cycle across the G 2 /M boundary (Suzuki et al. 2004) . These investigators described a conditional allele of FKS1 (in an fks2D background) that is temperature sensitive for growth (Sekiya-Kawasaki et al. 2002) . Under restrictive conditions, this mutant arrests growth at a point in the cell cycle shortly after bud emergence, DNA replication, and SPB duplication, but prior to SPB separation (Suzuki et al. 2004; Negishi and Ohya 2010) . This arrest was reminiscent of the terminal state of conditional pkc1 cells, except that it was not accompanied by cell lysis and was reversible, suggesting the existence of a checkpoint that blocks cell cycle progression in response to a block in cell wall biosynthesis. The cell cycle arrest is the consequence of inhibited CLB2 expression, which encodes a mitotic cyclin required for spindle assembly. CLB2 expression is under the control of the Fkh2-Mcm1-Ndd1 transcription factor complex.
A genetic screen for mutants that failed to survive the fks1 cell cycle arrest revealed a novel form of the Arp1 subunit of the dynactin complex that allows bipolar spindle formation and progression to M phase (Suzuki et al. 2004) . The dynactin complex is an activator of dynein-mediated nuclear migration, but serves a second, mutationally separable function in the CWI checkpoint (Igarashi et al. 2005) . The Nip100 and Jnm1 dynactin subunits were also required for the CWI checkpoint (Suzuki et al. 2004) . The dynactin complex appears to act through blocking expression of CLB2 through the Fkh2-Mcm1-Ndd1 complex. The nature of the interaction between the cell wall stress signal initiated at the bud tip and the dynactin complex remains unknown, as does the mechanism by which dynactin controls Fkh2-mediated CLB2 transcription. This appears to be a fertile area for future investigation.
Perspectives and Future Directions
The discovery of multiple signaling pathways involved in regulating the reorganization of the yeast cell wall in response to various environmental signals and through the cell cycle has led to the recognition of cell wall biogenesis as a highly dynamic process and to a new understanding of the interrelated nature of cell wall remodeling, polarized secretion, and the actin cytoskeleton. Several intriguing questions have arisen recently as a consequence of this understanding. Other important questions have remained unanswered for many years.
One longstanding issue centers on the differential function of Rho1-GAPs and their role in signal integration and output by Rho1. The observation that different Rho1-effector pairs are regulated by distinct GAPs suggests that there exists a mechanism to compartmentalize Rho1 functions. It is not yet clear if the observed specialization represents spatial segregation of distinct pools of Rho1, effector-specific interactions of the GAPs, or some other mechanism at work. However, generalizable insights may come from a resolution of this issue.
Another important question that has remained unanswered for more than a decade concerns the identity of the molecular entities responsible for production of b-1,6-glucan. Now that an assay is available to study the production of this polymer in extracts, identification of the enzyme should be forthcoming. On a related note, despite the centrality of the b-1,3-glucan synthase to the maintenance of cell wall integrity and as the target of the echinocandin antifungal drugs, the mechanistic details of both its activity and its inhibition remain obscure. For example, although the location of the catalytic domain of Fks1 was confirmed recently, the Rho1-binding site has not yet been identified, nor has the mechanism by which Rho1 functions as a regulatory subunit been elucidated.
Although great progress has been made with regard to the transcriptional targets of CWI signaling, the branch of the transcriptional program regulated by Skn7 has remained shrouded. It is expected that the identification of genes under the control of Rho1-Skn7 should allow the dissection of this pathway. On the other hand, identification and validation of nontranscriptional targets have lagged. Of particular interest is the mechanism by which Mpk1 drives actin polarization. Recent hints suggest the involvement of feedback down-regulation of signaling through Rho1, but this idea awaits validation and mechanistic extension. Another potential target of Mpk1 in need of more detailed analysis is the Cch1/Mid1 Ca 2 + channel. Whether the activity of this channel is controlled by Mpk1 directly or indirectly remains to be shown.
Recent discoveries have brought to the forefront the need to map the cross talk circuitry between CWI signaling and other pathways that contribute to the maintenance of cell wall integrity. For example, the sequential activation of the HOG pathway and the CWI pathway by zymolyase appears to bypass the upper part of the CWI pathway. The novel interface between these two stress-signaling pathways awaits elucidation. Similarly, unraveling the complex interplay between calcium signaling, ER stress signaling, and CWI signaling is an important problem for the future. Finally, the relationship between cell wall stress and cell cycle control promises to be very interesting. This is especially true for the role of the dynactin complex as an intermediary in the CWI checkpoint. It will also be interesting to determine if the RSC chromatin remodeling complex plays a role in this novel checkpoint. Perhaps the large collection of apparently related observations connecting CWI signaling to the G 2 /M transition will ultimately be unified in a coherent model for the coordination of cell-surface expansion with cell cycle progression.
